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A b s t r a c t
The work d e s c r ib e d  i n  t h i s  t h e s i s  forms p a r t  o f  th e  r e s e a r c h  programme 
o f  th e  N a t io n a l  P h y s ic a l  L a b o ra to ry .  S t a r t e d  i n  1979 a t  th e  r e q u e s t  o f  
i n d u s t r y ,  i t  i s  d i r e c t e d  tow ards  s u p p o r t in g  UK i n d u s t r y  w ith  th e  
e v e n tu a l  aim o f  e s t a b l i s h i n g  and d i s s e m in a t in g  s t a n d a r d s  f o r  th e  
m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t .
The pu rpose  o f  t h i s  t h e s i s  i s  to  d i s c u s s  th e  many f a c t o r s  a f f e c t i n g  th e  
a c c u r a t e  d e te r m in a t io n  o f  a  m ic ro h a rd n e ss  number, because  a l th o u g h  th e  
m ic ro h a rd n e ss  t e s t  h a s  been used  e x t e n s i v e l y  t o  i n v e s t i g a t e  m a t e r i a l  
p r o p e r t i e s ,  l i t t l e  a t t e n t i o n  i s  g e n e r a l l y  p a id  to  th e  t e s t  c o n d i t i o n s .
The h i s t o r y  o f  m ic ro h a rd n e ss  t e s t i n g  over  th e  p a s t  f i f t y  y e a r s  i s  
rev iew ed  and t h r e e  main problem  a r e a s  a r e  i d e n t i f i e d :  th e  m achines w ith  
which m ic r o - i n d e n t a t i o n s  a r e  made, th e  m icroscope  sys tem s  w ith  which 
th e y  a r e  m easured and th e  m a t e r i a l s  i n  which th e y  a r e  p roduced . Although 
i n e x t r i c a b l y  l i n k e d ,  th e  im p o r ta n c e  o f  each  f a c t o r  i s  d i s c u s s e d ,  some 
t h e o r e t i c a l  e v id e n c e  produced  and e x p e r im e n ta l  r e s u l t s  o b ta in e d  to  
q u a n t i f y  th e  s o u rc e s  o f  u n c e r t a i n t y  i n h e r e n t  in  th e  t e s t .
In  a d d i t i o n  t o  th e  c o n v e n t io n a l  methods o f  measurement and p r o d u c t io n ,  
image a n a l y s i s  and sc a n n in g  e l e c t r o n  m icroscope  m etro lo g y  t e c h n iq u e s  a r e  
a s s e s s e d  and th e  im p o r ta n c e  o f  i n d e n t a t i o n  d e p th  measurement i s  
s u rv e y e d .  F i n a l l y ,  c o n c lu s io n s  a r e  drawn a s  t o  f u r t h e r  work which i s  
n e c e s s a r y  t o  improve th e  t e s t  and i t s  f u t u r e  im p o r ta n c e  i n  th e  sp h e re  o f  
m a t e r i a l s  t e s t i n g .
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C H A P T E R  1 
THE P R IN C IP LE S  OF IN D EN TATIO N  FO R M ATIO N
A lthough h a rd n e s s  i s  o f t e n  d e s c r ib e d  a s  ' t h e  r e s i s t a n c e  o f  a m a t e r i a l  
t o  perm anent o r  p l a s t i c  d e f o r m a t io n ' ,  a s  Lea (1936) w ro te :  
' s c i e n t i f i c a l l y ,  t h e r e  seems no s u f f i c i e n t l y  good re a s o n  f o r  d e f i n i n g  
t h i s  r e s i s t a n c e  a s  h a r d n e s s ,  bu t  t h e  r e s u l t s  o b ta in e d  a r e  u n d o u b ted ly  o f  
c o n s id e r a b l e  s e r v i c e  i n  i n d i c a t i n g  d e s i r a b l e  o r  u n d e s i r a b l e  q u a l i t i e s  o f  
m a t e r i a l s ' .  I n d e e d ,  th e  measurem ent o f  i n d e n t a t i o n  h a rd n e s s  i s  w ide ly  
used  i n  i n d u s t r y  to d ay  because  i t  p ro v id e s  a  s im p le  n o n - d e s t r u c t i v e  
means o f  a s s e s s i n g  th e  e f f e c t i v e n e s s  o f  h e a t  t r e a tm e n t s  a p p l i e d  t o  
m a t e r i a l s  and i s  c o r r e l a t e d  w i th  p r o p e r t i e s  such  a s  r e s i s t a n c e  t o  w ear, 
d u c t i l i t y ,  m a c h i n e a b i l i t y  and t e n s i l e  s t r e n g t h  which a r e  c o s t l y  t o  
m easure  d i r e c t l y .
There has  a lw ays  been a need f o r  man t o  know som eth ing  o f  th e  
h a rd n e s s  o f  m a t e r i a l s ,  a l b e i t  o n ly  a s  a  c o m p a ra t iv e  t e s t  such  as  ru b b in g  
one s to n e  a g a i n s t  a n o th e r  to  d e te rm in e  which was ' h a r d e r ' ;  however, 
h a rd n e s s  i s  n o t  a fu n d am en ta l  p r o p e r ty  o f  a m a t e r i a l .  I t  has  no 
q u a n t i t a t i v e  v a lu e  e x c e p t  in  te rm s  o f  a g iv e n  lo a d  a p p l i e d  i n  a 
s p e c i f i e d  manner and f o r  a c e r t a i n  d u r a t i o n  by a d e f i n i t e  shaped  
p e n e t r a t o r ;  h a rd n e s s  v a lu e s  a r e  t h e r e f o r e  a r b i t r a r y  ( th e y  a r e  sometimes 
even c o n s id e re d  t o  be a d im e n s io n le s s  q u a n t i t y )  so  t h e r e  can be no 
a b s o lu t e  s t a n d a r d s  o f  h a r d n e s s .
A f te r  a b r i e f  resume o f  t h e  main c a t e g o r i e s  o f  h a rd n e s s  t e s t i n g ,  th e  
main p a r t  o f  t h i s  c h a p te r  i s  d e v o te d  to  a c o n s i d e r a t i o n  o f  some 
t h e o r e t i c a l  a s p e c t s  o f  i n d e n t a t i o n  fo rm a t io n  w ith  p a r t i c u l a r  r e f e r e n c e  
t o  more r e c e n t  work i n  t h i s  f i e l d .  A lthough T a b o r 's  book (1951) rem ains  
a c l a s s i c  t e x t ,  a g r e a t  d e a l  o f  new work and more r e c e n t  a n a l y s i s  i s  
c o n ta in e d  i n  W estbrook and C onrads ' book (1973) and rev iew  p a p e rs  by 
Tabor (1970) and A tk in s  (1982) t o  which th e  r e a d e r  i s  r e f e r r e d .  T h is  
c h a p t e r ,  t h e r e f o r e ,  aims t o  co v e r  t h e  fundam en ta l  t h e o r y  r e q u i r e d  to  
g a in  an u n d e r s t a n d in g  o f  i n d e n t a t i o n  fo rm a t io n ,  th e r e b y  a l lo w in g  th e  
r e a d e r  to  pu rsu e  any a s p e c t  o f  p a r t i c u l a r  i n t e r e s t  a t  h i s  l e i s u r e .
1.1 INTRODUCTION
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A lthough h a rd n e s s  t e s t i n g  i s  e s s e n t i a l l y  an e m p i r i c a l  p r o c e s s ,  e v e r  
s in c e  i t s  i n c e p t io n  t h e r e  h a s  been a d e s i r e  t o  p l a c e  i t  on a sound 
t h e o r e t i c a l  b a s i s .  As s t a t e d  by H i l l ,  Lee and Tupper (1 9 4 7 ) ,  fA com plete  
a n a l y s i s  would c a l c u l a t e  th e  lo ad  i n  te rm s  o f  th e  geom etry  o f  th e  
i n d e n t e r  and th e  s t r e s s - s t r a i n  r e l a t i o n s h i p s  o f  th e  m a t e r i a l  under  
un ifo rm  s t r e s s  d i s t r i b u t i o n s ,  and would fo l lo w  th e  developm ent o f  th e  
l i p  o r  th e  s in k in g  i n ’ . They th e n  p roceeded  to  p r e s e n t  a t h e o r e t i c a l  
s o l u t i o n  f o r  t h e  d e fo rm a t io n  p roduced  by a r i g i d  f r i c t i o n l e s s  wedge 
p e n e t r a t i n g  a p l a s t i c  m a t e r i a l ,  p r o v id in g  an im p o r ta n t  b a s i s  f o r  f u t u r e  
a n a l y s i s .
When c o n s id e r in g  th e  t h e o r y  o f  i n d e n t a t i o n  f o rm a t io n  i t  i s  im p o r ta n t  
t o  be c l e a r  t h a t  e n t i r e l y  d i f f e r e n t  s i t u a t i o n s  e x i s t  depend ing  upon th e  
i n d e n t e r  ty p e :  p y ram id a l  (eg  V ic k e r s ) ,  s p h e r i c a l  (eg B r i n e l l ) , c o n ic a l  
(eg R ockw ell) ,  wedge o r  o t h e r ,  and th e  m a t e r i a l :  f u l l y  work ha rdened  to  
a n n e a le d  m e ta l ,  s i n g l e  c r y s t a l ,  e l a s t i c  m a t e r i a l  e t c .
1 .2  CATEGORIES OF HARDNESS TEST
A lthough t h e r e  a r e  many ways o f  c l a s s i f y i n g  th e  d i f f e r e n t  ty p e s  o f  
h a rd n e s s  t e s t ,  i t  i s  p ro b a b ly  most u s e f u l  t o  c o n s id e r  t h r e e  d i s t i n c t  
c a t e g o r i e s :
a )  s c r a t c h  h a rd n e s s
b) s t a t i c  ( i n d e n t a t i o n )  h a rd n e s s
c) dynamic ( rebound) h a rd n e s s
a )  A s c r a t c h  i s  made by a h a rd  m a t e r i a l  such  a s  diamond on th e  t e s t
s u r f a c e .  The lo a d  on th e  diamond d iv id e d  by th e  w id th  o f  th e
s c r a t c h  may be ta k e n  a s  a  m easure  o f  h a rd n e s s  (B ierbaum , 1919).
b) A s te a d y  lo a d  i s  a p p l i e d  t o  an in d e n t in g  e lem en t  such  a s  a  wedge, 
b a l l ,  cone o r  pyram id u s in g  a s p e c i a l l y  c o n s t r u c t e d  m achine. The 
a r e a ,  dep th  o r  volume o f  i n d e n t a t i o n  produced  i s  m easured , and a 
h a rd n e s s  number c a l c u l a t e d  from th e  known lo a d  and m easured
i n d e n t a t i o n .
c) i )  A mass which i s  a t t a c h e d  t o  an in d e n t in g  e lem en t  i s  a l lo w ed  to
f a l l  th ro u g h  a d e f i n i t e  d i s t a n c e  befo re ' s t r i k i n g  th e  specim en .
From th e  d im ens ions  o f  th e  i n d e n t a t i o n  and th e  ene rgy  o f  th e  blow 
th e  h a rd n e s s  number i s  c a l c u l a t e d  ( M a r te l ,  1895).
i i )  The s c le r o s c o p e  method c o n s i s t s  o f  m easu r ing  th e  h e ig h t  o f  rebound
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o f  a diamond t i p p e d  w e igh t  f a l l i n g  on any s u r f a c e  from a f i x e d  
h e ig h t  (S h o re ,  1918).
i i i )  A jew e l  o r  s t e e l  b a l l  i s  a t t a c h e d  to  a  mass ( a s  i n  th e  H e rb e r t  
pendulum) b a la n c e d  on th e  spec im en . The pendulum i s  caused  t o  
swing and th e  a m p l i tu d e  o f  t h e  f i r s t  swing o r  e l s e  th e  t im e  o f  
o s c i l l a t i o n  o f  10 sw ings i s  ta k e n  as  a m easure o f  h a rd n e s s  
( H e rb e r t ,  1923).
1 .2 .1  The S c r a tc h  h a rd n e s s  t e s t
The term  ' s c r a t c h  h a r d n e s s '  i n  i t s  s c i e n t i f i c  c o n te x t  i s  g e n e r a l l y  
a t t r i b u t e d  t o  th e  Frenchman R.A. F e r c h a u l t  de Reaumur ab o u t  1722, b u t  
Grod (1943) has  found a v e ry  c l e a r  r e f e r e n c e  t o  t h i s  s u b j e c t  by Anselme 
Boece De Boot i n  1604 ( 'Le p a r f a i c t  J o a i l l i e r  ou H i s t o i r e  des
P i e r r e r i e s ' ) .  I t  i s  a l s o  w e l l  known t h a t  Barba c a r r i e d  o u t  such  r e s e a r c h  
work around  1640. The f i r s t  s y s t e m a t i c  p la n  f o r  m easu r ing  th e  h a rd n e s s  
o f  s o l i d  s u b s ta n c e s  was worked o u t  by Mohs in  1822 when he p roposed  h i s  
famous s c a l e  ( s t i l l  u sed  by m i n e r a l o g i s t s  t o  t h i s  day) o f  t e n  known 
m in e r a l s  which showed a r e l a t i v e l y  i n c r e a s i n g  h a rd n e s s  ( a s  d e m o n s tra ted  
by th e  a b i l i t y  o f  one t o  s c r a t c h  a n o th e r  low er down th e  s c a l e ) .
I t  was abou t 1830 b e fo r e  th e  f i r s t  s c i e n t i f i c  a p p a ra tu s  was deve loped  
t o  pe rfo rm  a  ( s c r a t c h )  h a rd n e s s  t e s t  when th e  s c le r o m e te r  was deve loped  
by S eebeck . Improvements t o  t h i s  d e v ic e  were s u g g e s te d  by M arten s ,  i n  
whose a p p a ra tu s  a cone shaped  diamond o f  v e r t e x  a n g le  90°  was drawn ove r  
a p o l i s h e d  s u r f a c e  o f  th e  o b j e c t  t o  be m easured under  a lo ad  o f  20 g f .  
He d e f in e d  s c r a t c h  h a rd n e s s  i n  te rm s  o f  th e  lo ad  r e q u i r e d  to  p roduce  a 
s c r a t c h  o f  d e f i n i t e  w id th  on a t e s t  spec im en . I t  was n o t  u n t i l  1909 t h a t  
P o e sc h l  s u g g e s te d  i n c o r p o r a t i n g  a m ic ro scope  t o  v iew and m easure th e  
s c r a t c h  (a m i c r o s c l e r o m e t e r ) , t h e r e b y  a l lo w in g  th e  m i c r o s t r u c t u r e  o f  
m a t e r i a l s  t o  be i n v e s t i g a t e d  and p ro d u c in g  f a i r l y  r e l i a b l e  v a lu e s  o f  
h a rd n e s s  f o r  m e ta ls  and m in e r a l s .  The f i r s t  co m m erc ia l ly  - a v a i l a b l e  
m ic ro h a rd n e ss  t e s t i n g  machine ( th e  M ic ro c h a r a c te r  -  i t s e l f  a 
m ic ro s c le r o m e te r )  was d e ve loped  by Bierbaum in  1919. He had a need to  
s tu d y  b e a r in g  a l l o y s ,  and h i s  machine was d e s ig n e d  s p e c i f i c a l l y  f o r  th e  
t e s t i n g  o f  m ic ro sc o p ic  a r e a s .
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1 .2 .2  The B r i n e l l  h a rd n e s s  t e s t
A s c r a t c h  h a rd n e s s  s c a l e  was n o t ,  however, a d e q u a te  f o r  th e  m e ta l  
i n d u s t r y  and by th e  end o f  th e  19th c e n tu r y ,  u s in g  a s  a b a s i s  th e  
i n v e s t i g a t i o n s  o f  H e r tz  and Auerbach i n  p a r t i c u l a r ,  B r i n e l l .  had 
deve loped  th e  b a l l  p r e s s u r e  method which was d i s c u s s e d  by th e  'C ongres  
I n t e r n a t i o n a l  des  Metaux d 'E s s a i '  i n  1900 and i s  s t i l l  i n  use  to d a y .  The 
t e s t  c o n s i s t s  e s s e n t i a l l y  o f  p r e s s i n g  a hardened  s t e e l  b a l l  a g a i n s t  th e  
ground s u r f a c e  o f  a m a t e r i a l  unde r  i n v e s t i g a t i o n  w ith  a  known f o r c e .  The 
lo a d  i s  th e n  ta k e n  o f f ,  t h e  b a l l  removed and th e  a r e a  o f  th e  c i r c u l a r  
i n d e n t a t i o n  m easu red . From t h i s  a h a rd n e s s  v a lu e  may be c a l c u l a t e d . 
C o n s id e ra t io n s  o f  r e p r o d u c i b i l i t y  have  l e d  t o  th e  s t a n d a r d i z a t i o n  o f  th e  
b a l l  d i a m e te r s  w i th  t h e  c o r r e s p o n d in g  f o r c e s  o f  a p p l i c a t i o n  and t im e s  o f  
l o a d i n g .
1 .2 .3  The Rockwell h a rd n e s s  t e s t
1920 saw th e  a p p e a ra n c e  o f  t h e  Rockwell h a rd n e s s  m e te r ,  a l th o u g h  th e  
Rockwell t e s t i n g  machine a s  we know i t  today  was due t o  improvements 
made by C h a r le s  H W ilson (American P a t e n t  No 1 ,8 8 5 ,9 7 2 ;  1 November
1932). U nlike  th e  B r i n e l l  t e s t ,  i t  a l lo w s  th e  h a rd n e s s  o f  even th e  
h a r d e s t  s t e e l s  t o  be m easu red . In  t h i s  t e s t ,  a c o n i c a l  diamond w ith  a 
v e r t e x  a n g le  o f  120° and a rounded t i p  o f  r a d i u s  0 .2  mm i s  p la c e d  on th e  
m a t e r i a l  t o  be t e s t e d  and a p r e l i m i n a r y  lo a d  ( u s u a l ly  o f  10 kg) a p p l i e d .  
A d e p th  i n d i c a t o r  i s  th e n  s e t  t o  z e ro  and a f u r t h e r  (m ajor)  lo a d  i s  
a p p l i e d  ( o f t e n  140 k g ) .  A f te r  a s e t  p e r io d  o f  t im e  t h i s  l a t t e r  i s  
removed and th e  f i n a l  d e p th  r e a d in g  c o n v e r te d  t o  a Rockwell h a rd n e s s  
v a lu e .  The Rockwell t e s t  may a l t e r n a t i v e l y  be c a r r i e d  o u t  on s o f t e r  
m a t e r i a l s  u s in g  a b a l l  o f  1 /16" d ia m e te r  (and a d i f f e r e n t  l o a d ) .  T h is  
y i e l d s  a  v a lu e  on th e  'R ockw ell  B* s c a l e ,  a s  opposed to  a Rockwell C 
v a lu e  o b ta in e d  u s in g  a cone . F u r th e rm o re ,  w hereas  th e  Rockwell cone 
p o s s e s s e s  a r a d iu s e d  t i p ,  some i n v e s t i g a t o r s  u se  th e  s o - c a l l e d  'A lpha 
C o n e ',  which h as  t h e  same apex a n g le  a s  a  Rockwell i n d e n t e r ,  bu t  comes 
t o  a sh a rp  p o i n t .
1 .2 .4  The V ick e rs  h a rd n e s s  t e s t
Both t h e s e  m ethods have  t h e i r  d i s a d v a n ta g e s ,  however. The B r i n e l l  
method can damage th e  s u r f a c e  o r  p roduce  a n o n - c i r c u l a r  i n d e n t a t i o n
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which 'would i n v a l i d a t e  th e  r e a d i n g ,  and ca n n o t  be used  on ha rd  
m a t e r i a l s .  The Rockwell method does n o t  p roduce  a perm anent r e c o rd  and 
does n o t  oover a v e ry  l a r g e  ran g e  o f  h a rd n e s s  v a lu e s .  To overcome t h e s e  
d i s a d v a n ta g e s  th e  V ic k e rs  h a rd n e s s  m eter  was d e v e lo p e d .  T h is  i s  
fu n d a m e n ta l ly  l i k e  a B r i n e l l  a p p a r a tu s  in  which th e  b a l l  i s  r e p l a c e d  by 
a  s q u a re - b a s e d  diamond pyram id . When p e rfo rm in g  th e  V ic k e rs  t e s t ,  th e  
i n d e n t e r  i s  p r e s s e d  i n t o  t h e  p o l i s h e d  s u r f a c e  o f  th e  m a t e r i a l  t o  be 
t e s t e d  w ith  a lo ad  o f  betw een 2 k g f  and 120 k g f  (depend ing  l a r g e l y  on 
th e  t h i c k n e s s  o f  th e  t e s t  p i e c e ) .  The r e s u l t i n g  i n d e n t a t i o n  i s  examined 
under  a m ic roscope  and a h a rd n e s s  v a lu e  c a l c u l a t e d  from th e  a v e ra g e  
l e n g th  o f  th e  two d i a g o n a l s .  The g r e a t  ad v a n ta g e  o f  t h i s  t e s t  i s  t h a t  
th e  i n d e n t a t i o n s  p roduced  a r e  g e o m e t r i c a l l y  s i m i l a r  i n  form so t h a t  th e  
h a rd n e s s  v a lu e  o b ta in e d  i s  ( i n  th e o ry )  in d ep e n d e n t  o f  lo a d .  T h is  can 
t h e r e f o r e  be red u ced  to  p roduce  s m a l l e r  i n d e n t a t i o n s  i f  i t  i s  d e s i r e d  to  
t e s t  a  t h i n  spec im en . The g r e a t  d i s a d v an tag e  i s  t h a t  th e  specim en must 
be c a r e f u l l y  p r e p a re d  i n i t i a l l y  t o  p roduce  a p o l i s h e d  s u r f a c e  on which 
t o  pe rfo rm  th e  t e s t ,  w hereas  B r i n e l l  and Rockwell t e s t s  r e q u i r e  o n ly  
t h a t  th e  s u r f a c e  be ground f l a t .
1 .2 .5  The S c le ro s c o p e  t e s t
The s c le r o s c o p e  c o n s i s t s  o f  a ha rdened  s t e e l  b a l l  o r  hammer upon 
which a s p e c i a l l y  ground diamond i s  f a s t e n e d .  T h is  i s  a l low ed  t o  f a l l  
down a t r a n s p a r e n t  g l a s s  tu b e  from a p re d e te rm in e d  h e ig h t  ( o f t e n  25 cm) 
upon th e  m a t e r i a l  t o  be i n v e s t i g a t e d  and th e  h e ig h t  o f  rebound o bse rved  
(b e in g  g r e a t e r  f o r  ' h a r d e r 1 (*1)  m a t e r i a l s ) .  The term  ' s c l e r o s c o p e '  i s  
a lm o s t  synonymous w i th  A lb e r t  F . S h o r e ' s  d e v ic e  in v e n te d  in  1907, which 
i s  c la im ed  t o  have  been th e  f i r s t  com m erc ia l ly  a v a i l a b l e  h a rd n e s s  t e s t e r  
p roduced  in  th e  U n ited  S t a t e s .  The s c a l e  c o n s i s t s  o f  u n i t s  which a r e  
de te rm in e d  by d iv id i n g  th e  a v e ra g e  rebound o f  th e  hammer from quenched 
t o o l  s t e e l  o f  u l t i m a t e  h a rd n e s s  i n t o  100 e q u a l  p a r t s .  I t  i s  found t h a t  
th e  V ic k e rs  h a rd n e s s  r a n g e  200 t o  900 c o r re s p o n d s  a p p ro x im a te ly  t o  th e  
s c le r o s c o p e  v a lu e s  20 t o  80. T h is  i s ,  o f  c o u r s e ,  g iv in g  in fo r m a t io n  
a b o u t  th e  e l a s t i c  p r o p e r t i e s  o f  m a t e r i a l s ,  b u t  a s  a  t e s t  i t  i s  s t i l l  
used  to d ay  a s  a  q u ic k  and e f f e c t i v e  means o f  f i n d i n g  a v a lu e  r e l a t e d  to  
some p r o p e r ty  o f  th e  m a t e r i a l  which may be o f  u s e .
(#1) n o t  n e c e s s a r i l y  p o s s e s s in g  a g r e a t e r  h a rd n e s s  v a lu e  a s  
m easured on a n o th e r  s c a l e .
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The pendulum t e s t  has  a l s o  found some a p p l i c a t i o n ,  p a r t i c u l a r l y  in  
t h e  t e s t i n g  o f  r o c k s  and m in e r a l s  and f o r  t e s t i n g  th e  s u s c e p t i b i l i t y  o f  
a m a t e r i a l  t o  w o rk -h a rd e n in g .  The most famous d e v ic e  o f  t h i s  k in d  i s  th e  
H e rb e r t  Pendulum H ardness  T e s t e r .  The pendulum c o n s i s t s  o f  a c a s t i n g  
12 in c h e s  long  i n  th e  form o f  an a rc h  and w e igh ing  4 kg .  A ruby  cone 
w ith  p o in t  r a d i u s  1 mm on which th e  pendulum i s  b a la n c e d  i s  mounted in  
t h e  c e n t r e .  On to p  o f  t h e  a r c h  i s  a  s p i r i t  tu b e  w i th  a  s c a l e  from 0 to  
100, 50 b e in g  i n  th e  c e n t r e .  The specim en i s  p la c e d  on a l e v e l l i n g  t a b l e  
and th e  pendulum (which can be b a la n c e d  u s in g  a d j u s t i n g  sc rew s)  i s  
p la c e d  t h e r e o n .  T h is  d e v ic e  i s  used  t o  m easure h a rd n e s s  i n  two ways:
( i )  th e  ' t im e  h a r d n e s s '  which i s  m easured by th e  t im e  ta k e n  t o  make t e n  
sw ings o f  sm a l l  a m p l i tu d e ;  and ( i i )  th e  ' s c a l e  h a r d n e s s '  measured by th e  
number o f  s c a l e  d i v i s i o n s  th ro u g h  which th e  pendulum sw ings when 
r e l e a s e d  a t  maximum a m p l i tu d e  ( s c a l e  r e a d in g  z e r o ) .  Experim ent shows 
t h a t  th e  s c a l e  h a rd n e s s  v a r i e s  from o n ly  75 t o  94 f o r  v a r i a t i o n s  in  
V ic k e rs  h a rd n e s s  from 230 t o  910. I t s  u se  and a c c u ra c y  i s  t h e r e f o r e  
somewhat l i m i t e d .
1.3  GEOMETRICAL SIMILARITY
One o f  th e  most im p o r ta n t  b a s i c  t h e o r e t i c a l  c o n c e p ts  i s  t h a t  o f
g e o m e t r i c a l  s i m i l a r i t y .  I f  two i n d e n t a t i o n s  a r e  o f  t h e  same g e o m e tr ic
sh a p e ,  th e n  w ha tever  t h e i r  s i z e  t h e  s t r e s s  and s t r a i n  d i s t r i b u t i o n s  in
th e  s u r ro u n d in g  m a t e r i a l  w i l l  be g e o m e t r i c a l l y  s i m i l a r ,  i r r e s p e c t i v e  o f
th e  work h a rd e n in g  c a p a c i t y  o f  th e  m a t e r i a l .  C o n se q u e n tly ,  th e
i n d e n t a t i o n  y i e l d  o r  mean c o n t a c t  p r e s s u r e ,  p ( * 1 ) ,  w i l l  be th e  same
w h a tev er  th e  i n d e n t a t i o n  s i z e ; p and hence th e  h a rd n e s s  a r e  th u s
in d e p e n d e n t  o f  lo a d  f o r  a  g iv e n  m a t e r i a l .  T h is  i s  t r u e  o f  a l l  py ram ida l
and c o n ic a l  i n d e n t e r s  b u t  n o t  o f  s p h e r i c a l  i n d e n t e r s .  ( R e c a l l  t h a t  s i n c e
th e  B r i n e l l  h a rd n e s s  i s  d e f in e d  a s  lo a d  /  s u r f a c e  a r e a  o f  i n d e n t a t i o n ,
2g e o m e t r i c a l  s i m i l a r i t y  can o n ly  be p r e s e r v e d  by m a in ta in in g  L /  D a s  a 
c o n s t a n t  where L i s  t h e  a p p l i e d  lo a d  and D th e  i n d e n t in g  b a l l  d i a m e t e r ) .
(*1) The t r u e  mean c o n t a c t  p r e s s u r e ,  p , over  th e  s u r f a c e  o f  th e  
i n d e n t a t i o n  (som etim es r e f e r r e d - t o  a s  th e  Meyer h a rd n e s s )  i s  
s im p ly  th e  a p p l i e d  lo a d  d iv id e d  by th e  p r o j e c t e d  a r e a  o f  th e  
i n d e n t a t i o n .
1*2.6 The Pendulum test
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1.3*1 R e l a t i o n s h i p  betw een Rockwell and V ic k e rs  h a rd n e s s  v a lu e s
One im p o r ta n t  consequence  o f  t h i s  p r i n c i p l e  i s  th e  a b i l i t y  t o
fo rm u la te  a r e l a t i o n s h i p  betw een i n d e n t a t i o n  h a rd n e s s  v a lu e s  d e r iv e d
from a c o n ic a l  and a p y ram id a l  i n d e n t e r .  C o n s id e r in g  th e  c a se  o f  a
c o n i c a l  i n d e n t e r :  i f  d i s  th e  i n d e n t a t i o n  d i a m e te r ,  th e n  i t s  d e p th ,  
1
h = — d c o t  Q where 0 i s  th e  s e m i-a n g le  o f  th e  cone . S ince  th e ^ p
i n d e n t a t i o n  p r e s s u r e  i s  in d e p e n d e n t  o f  l o a d ,  p = k /  d
= k^ /  4 h t a n  Q. Thus h = k / V p  f o r  a g iv e n  co n e .
S ince  a Rockwell v a lu e  i s  th e  i n d e n t a t i o n  p e n e t r a t i o n  s u b t r a c t e d  from a
f ix e d  d e p th ,  say  C, t h e  Rockwell h a rd n e s s  i s  g iv e n  by:
Rc = C -  h = C - k 2 / V p
S in c e  p i s  p r o p o r t i o n a l  t o  t h e  V ic k e rs  h a rd n e s s  and i s  a p p ro x im a te ly  
e q u a l  in  th e  two c a s e s  ( th e  a p i c a l  i n d e n t e r  a n g le s  b e in g  o o m p a ra b le ) ,
Rc = C -  k 3 / a/ hV
1.4 LOAD DEPENDENCE AND THE MEYER INDEX
In  1908, Meyer d e r iv e d  an e x p r e s s io n  f o r  B r i n e l l  h a rd n e s s  r e l a t i n g  
th e  normal l o a d ,  P, t o  th e  i n d e n t a t i o n  d ia m e te r ,  d ,  by th e  e q u a t io n :
P = a dn
The c o n s t a n t s  a and n can be e v a lu a te d  by p l o t t i n g  lo a d  v e r s u s  d ia g o n a l  
l e n g t h  on a l o g / l o g  s c a l e ,  s i n c e  lo g  P = lo g  a + n lo g  d w i l l  th e n  y i e l d  
a  s t r a i g h t  l i n e  o f  g r a d i e n t  n -  th e  Meyer in d e x ,  and i n t e r c e p t  lo g  a .
1 .4 .1  S p h e r i c a l  i n d e n t e r s
F ig u re  1 shows fo u r  su c h  g rap h s  and th e  c o r re s p o n d in g  g raphs  o f
h a rd n e s s  v e r s u s  l o a d .  I t  i s  th u s  c l e a r  t h a t  on ly  when n = 2 i s  th e
h a rd n e s s  in d e p e n d e n t  o f  l o a d .  For a  s p h e r i c a l  i n d e n t e r ,  t h i s  s i t u a t i o n
a r i s e s  when th e  m a t e r i a l  i s  f u l l y  work ha rdened ;  i f  i t  i s  n o t ,  th en
2
h a rd n e s s  does in d e e d  depend on lo ad  s in c e  L /  D i s  n o t  a c o n s ta n t  and 
g e o m e t r i c a l  s i m i l a r i t y  o f  th e  i n d e n t a t i o n s  i s  n o t  p r e s e r v e d .  To view
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t h i s  a n o th e r  way, i t  i s  o n ly  g e o m e t r i c a l l y  s i m i l a r  i n d e n t a t i o n s  which 
p roduce  s i m i l a r  s t r a i n  d i s t r i b u t i o n s ;  when u s in g  a g iv en  s p h e r i c a l
i n d e n t e r ,  a l a r g e r  i n d e n t a t i o n  in v o lv e s  g r e a t e r  p l a s t i c  s t r a i n s  and a 
c o r re s p o n d in g  i n c r e a s e  i n  th e  e f f e c t i v e  flow  s t r e s s ,  hence  an i n c r e a s e  
i n  o b se rved  h a r d n e s s .  I t  i s  t h u s  found t h a t  n >_ 2 i n  B r i n e l l  t e s t i n g ,  
r e a c h in g  a p p ro x im a te ly  2 .6  f o r  a  f u l l y  a n n e a le d  m e ta l .
1 .4 .2  P yram ida l  i n d e n t e r s
Schu lz  and Hanemann (1941) a p p l i e d  M eyer 's  fo rm u la  t o  p y ram id a l
i n d e n t e r s  to  compare V ic k e rs  h a rd n e s s  a t  v a r io u s  l o a d s .  S in ce  w ith  a  
p y ram id a l  i n d e n t e r  i n d e n t a t i o n s  a r e  g e o m e t r i c a l l y  s i m i l a r ,  i f  h a rd n e s s  
i s  t o  be in d e p e n d e n t  o f  l o a d ,  n sh o u ld  a lw ays e q u a l  2. Such b e h a v io u r  
h as  been fou n d ,  f o r  i n s t a n c e ,  by Vanicheva e t  a l  (1 9 6 4 ) ,  and Up i t  
e t  a l  (1967) f o r  f i n e  g r a in e d  m a t e r i a l s  and by Yoshino (1959) f o r  
a l l o y s .  However, d e v i a t i o n s  from th e  v a lu e  2 a r e  o f t e n  o b se rv e d ,
r e s u l t i n g  in  a dependence  o f  m ic ro h a rd n e ss  on lo a d .  Campbell
e t  a l  (1 9 4 8 ) ,  R o s to k e r  (1 9 5 0 ) ,  Mott e t  a l  (1952) and Winton (1 9 5 6 ) ,  f o r  
i n s t a n c e ,  have  a l l  r e p o r t e d  a h a rd n e s s  d e c re a s e  a t  lo a d s  below 100 g f .  
On th e  o th e r  hand , numerous w orke rs  have o b se rved  a h a rd n e s s  i n c r e a s e  
w i th  d e c re a s in g  lo a d  on a wide r a n g e  o f  m a t e r i a l s ;  eg Mott (1 9 5 6 ) ,  Young 
and Millman (1 9 6 4 ) ,  T h i b a u l t  and N yqu is t  (1947) and Brookes (1 9 7 1 ) .
W h ils t  F ig u re  1 shows some s i t u a t i o n s  which may a r i s e ,  i t  must be 
a p p r e c i a t e d  t h a t  an a p p a r e n t  lo a d  dependence may be i n t r o d u c e d  by a wide 
ran g e  o f  e x t e r n a l  f a c t o r s  a s  w i l l  be d i s c u s s e d  i n  d e t a i l  in  C hap ter  4. 
One t h e o r e t i c a l  h y p o th e s i s  c o n c e rn in g  th e  a p p a re n t  i n c r e a s e  in  h a rd n e s s  
a t  v e ry  low lo a d s  due t o  Mott (1957) i s  t h a t  t h e r e  a r e  o n ly  a sm a l l  
number o f  d i s l o c a t i o n s  i n  th e  t i n y  volumes deform ed. Theory s u g g e s t s  
t h a t  a p e r f e c t  c r y s t a l  f r e e  from d i s l o c a t i o n s  would p o s s e s s  a h a rd n e s s  
10 to  100 t im e s  g r e a t e r  th a n  one c o n ta in in g  d i s l o c a t i o n s .  C e r ta in  
e v id e n c e  t o  s u p p o r t  t h i s  t h e o r y  h a s  been r e p o r t e d  by Gane (1 9 7 0 ) ,  b u t  i t  
i s  l a r g e l y  i r r e l e v a n t  t o  c o n v e n t io n a l  m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t i n g  
s in c e  th e  s h a r p ly  p o in te d  i n d e n t e r s  used  may g e n e r a te  d i s l o c a t i o n s  even 
i n  p e r f e c t  p o r t i o n s  o f  t h e  c r y s t a l .
R esea rch  i s  s t i l l  b e in g  c a r r i e d  o u t  i n t o  th e  i n t e r p r e t a t i o n  o f  th e  
Meyer e q u a t io n .  For i n s t a n c e ,  Chaure and S h r iv a s t a v a  (1982) have 
r e c e n t l y  produced  r e s u l t s  u s in g  quenched p o ta ss iu m  h a l i d e  s i n g l e  
c r y s t a l s  t o  c o n f i rm  t h a t  ' n '  depends on th e  c r y s t a l  s t r u c t u r e  w h i l s t  'a*
-19-
Csl
Vc
CN
A
C
CM
A
c
CL
cl
\
cn.o
“O
cno
CL
on
tZ
G
ra
ph
s 
of 
h
ar
d
n
es
s 
ve
rs
us
 
lo
ad
 
an
d 
co
rr
es
po
nd
in
g 
gr
ap
hs
 
of 
log
 
lo
ad
 
ve
rs
u
s
lo
g 
of
 
in
d
en
ta
ti
o
n
 
d
ia
g
o
n
a
l 
fo
r 
fo
ur
 
ca
se
s 
of 
th
e 
M
ey
er
 
in
de
x,
 
n
- 20 -
depends on th e  m a t e r i a l  o f  th e  c r y s t a l  and a l s o  on i t s  p h y s i c a l  
t r e a t m e n t ,  i e  quen ch in g .
1 .5  CONTACT PRESSURE AND FLOW STRESS
By th e  v e ry  n a tu r e  o f  an i n d e n t a t i o n  h a rd n e s s  t e s t  one i s  i n t e r e s t e d  
i n  t h e  perm anent d e fo rm a t io n  p roduced  a f t e r  e l a s t i c  r e c o v e ry  on rem oval 
o f  th e  l o a d .  I t  i s  t h e r e f o r e  im p o r ta n t  to  r e l a t e  h a rd n e s s  t o  th e  p l a s t i c  
s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  t h e  m e ta l .  In  a p e r f e c t l y  p l a s t i c  
m a t e r i a l ,  t h e  u n i a x i a l  s t r e s s  n e c e s s a r y  t o  p roduce  p l a s t i c  y i e l d i n g  i s  a 
c o n s t a n t ,  t h e  f low  s t r e s s  Y. However, th e  s t r e s s e s  a round  an i n d e n t a t i o n  
a r e  f a r  more c o m p l ic a te d ,  l a r g e l y  b ecause  t h e r e  i s  a lw ays s l i p  o f  a tom ic  
p la n e s  in  a d d i t i o n  t o  p l a s t i c  d e fo rm a t io n .  I t  t r a n s p i r e s  t h a t  abou t  two 
t h i r d s  o f  th e  mean c o n ta c t  p r e s s u r e ,  p ,  i s  a h y d r o s t a t i c  ( i n t e r n a l )  
p r e s s u r e  which i s  n o t  r e s p o n s i b l e  f o r  p l a s t i c  f low ; so
- j p s Y  o r  P s  3 Y
Three a s su m p tio n s  a r e  i m p l i c i t  i n  t h i s  s t a t e m e n t ;  th e  s o l i d  i s  assumed 
t o  be i s o t r o p i c ,  f u l l y  work ha rd en ed  ( i e  Y i s  c o n s t a n t )  and e l a s t i c  
d e fo rm a t io n  i s  u n im p o r ta n t .  I t  h a s  been found i n  p r a c t i c e  t h a t  f o r  a 
wide ran g e  o f  m a t e r i a l s :  p = 3 .2  Y, so  remembering t h a t  p i s  c a l c u l a t e d
from a knowledge o f  th e  p r o j e c t e d  i n d e n t a t i o n  a r e a ,  w hereas  a  V ick e rs  
h a rd n e s s  v a lu e  i s  d e r iv e d  from th e  s u r f a c e  a r e a  ( d i f f e r i n g  by a f a c t o r  
o f  cos  2 2 ° ) ;
HV s  3 .2  Y co s  22° -  3 Y
Hence, th e  V ic k e rs  h a rd n e s s  number o f  an i d e a l  p l a s t i c  m a t e r i a l  (o r  a 
f u l l y  work ha rdened  p o l y c r y s t a l l i n e  specim en o f  a  p u re  m e ta l)  i s  ro u g h ly  
t h r e e  t im e s  i t s  u n i a x i a l  y i e l d  s t r e s s .  One im p o r ta n t  consequence  o f  t h i s  
r e l a t i o n s h i p  i s  t h a t  s i n c e  such  a m a t e r i a l  commences p l a s t i c  y i e l d i n g  a t  
th e  u l t i m a t e  t e n s i l e  s t r e s s ,  Y i s  e s s e n t i a l l y  e q u a l  t o  T^ f o r  a f u l l y  
work ha rdened  m a t e r i a l  (b u t  n o t ,  f o r  exam ple, f o r  c a s t  i r o n  which i s  
b r i t t l e  i n  t e n s i o n ) .  F u r th e rm o re ,  s i n c e  th e  t e n s i l e  y i e l d  s t r e s s  i s  
e q u a l  to  tw ice  th e  s h e a r  y i e l d  s t r e s s ,  Y = 2S; H = 6S.
I t  i s  a l s o  t r u e  when t e s t i n g  a f u l l y  work ha rdened  m a t e r i a l  u s in g  a 
s p h e r i c a l  i n d e n t e r  t h a t  H = cY, b u t  th e  c o n s ta n t  c i s  found to  be 
a p p ro x im a te ly  2 .8  r a t h e r  th a n  3. In d ee d ,  i t  i s  found t h a t  th e
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i n d e n t a t i o n  h a rd n e s s  o f  any d u c t i l e  s o l i d  t e s t e d  u s in g  a r i g i d  i n d e n t e r  
i s  g iv e n  by th e  fo rm u la :
H = c Y
where Y i s  th e  u n i a x i a l  f low  s t r e s s  o f  th e  s o l i d  ( a t  th e  l e v e l  o f  work 
h a rd e n in g  induced  by th e  i n d e n t in g  p r o c e s s )  and c i s  a c o n s t a n t  
d e te rm in e d  p r i n c i p a l l y  by th e  i n d e n t e r  geom etry ,  b u t  a l s o  by o t h e r  
e f f e c t s  such  a s  l u b r i c a t i o n .
1 .5 .1  T h e o r e t i c a l  a n a l y s i s  o f  ' o ’
The o r i g i n  o f  th e  c o n s t a n t  c was f i r s t  e x p la in e d  by P r a n d t l  (1923) 
who c a l c u l a t e d  t h e  mean s t r e s s  on a f l a t  punch f o r  t h e  o n s e t  o f  p l a s t i c  
f low  b e n e a th  i t  and th e r e b y  o b ta in e d  a v a lu e  o f  (1 + 7T/2) o r  2 .5 7 .  T h is  
ap p ro ach  was l a t e r  g e n e r a l i z e d  by H i l l  (1950) and i t  was shown t h a t  
a l th o u g h  t r u e  f o r  a n n e a le d  m ild  s t e e l ,  f o r  some o t h e r  m e ta ls  
c = 1 .15  (1 +TT/2) = 2 .9 6 .  I t  may th u s  be seen  t h a t  th e  p r a c t i c a l  v a lu e  
o f  c a g re e s  w e l l  w i th  th e  t h e o r e t i c a l  v a lu e ,  i l l u s t r a t i n g  th e  s i m i l a r i t y  
betw een r e a l  i n d e n t e r s  and f l a t  pu n ch es .
1 .5 .2  M utual i n d e n t a t i o n
Although f u l l  p l a s t i c i t y  i s  a c h ie v e d  a t  a p r e s s u r e  o f  abou t  2 .8  Y, 
f o r  a s p h e r i c a l  i n d e n t e r  t h e  o n s e t  o c c u rs  a t  a p p ro x im a te ly  1.1 Y, so 
u n l e s s  th e  r a t i o  o f  i n d e n t e r  y i e l d  s t r e s s  to  specim en y i e l d  s t r e s s  i s  
g r e a t e r  th a n  2 .8  : 1 .1 ,  i e  th e  i n d e n t in g  b a l l  i s  2 .5  t im e s  h a r d e r  th an  
th e  specim en , i t  w i l l  i t s e l f  deform . T h is  i s  in d e e d  one o f  th e  
l i m i t a t i o n s  o f  th e  B r i n e l l  t e s t  i n  t h a t  i f  th e  i n d e n t e r  i s  a ha rdened  
s t e e l  b a l l  o f  h a r d n e s s ,  s a y  900 HV, m a t e r i a l s  can o n ly  be p r o p e r l y  
t e s t e d  i f  th e y  a r e  s o f t e r  th a n  360 HV. A s i m i l a r  a n a l y s i s  o f  c o n ic a l  and 
p y ram id a l  i n d e n t e r s  i s  n o t  so  s im p le ,  b u t  i t  i s  g e n e r a l l y  a c c e p te d  t h a t  
th e  i n d e n t e r  sh o u ld  be a t  l e a s t  tw ic e  a s  h a rd  a s  t h e  specim en . The 
s u b j e c t  o f  m utua l  i n d e n t a t i o n  where one o b j e c t  i s  n o t  s u f f i c i e n t l y  ha rd  
t o  a c t  a s  a  r i g i d  i n d e n t e r  i s  o f  c o n s id e r a b l e  i n t e r e s t  and im por tance  
( p a r t i c u l a r l y  a t  h ig h  t e m p e r a tu r e s )  b u t  i s  somewhat w i th o u t  th e  scope o f  
th e  p r e s e n t  d i s c u s s i o n .
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I t  has  been s t a t e d  p r e v i o u s ly  t h a t  i n d e n t a t i o n s  made w ith  a p y ram id a l  
i n d e n t e r  such  a s  t h e  V ic k e rs  ty p e  a r e  g e o m e t r i c a l l y  s i m i l a r , i e  f o r  a 
g iv e n  sample i f  t h e  lo a d  i s  doub led  so  i s  th e  ’ s ize*  ( a r e a )  o f  th e  
i n d e n t a t i o n .  Not o n ly  does t h i s  c o n c e p t  ap p ly  t o  th e  i n d e n t a t i o n  i t s e l f  
b u t  a l s o  t o  th e  s t r e s s  and s t r a i n  d i s t r i b u t i o n  s u r ro u n d in g  i t  (w hether  
o r  n o t  t h e  m a t e r i a l  i s  i n i t i a l l y  f u l l y  work ha rdened )  and i s  a 
consequence  o f  th e  i n d e n t a t i o n  y i e l d  p r e s s u r e ,  p ,  b e in g  th e  mean 
p r e s s u r e  a c t i n g  on th e  i n d e n t e r  which i s  in d e p e n d e n t  o f  i n d e n t a t i o n  
s i z e .  The o n ly  r e s t r i c t i o n  i s  t h a t  t h e  m a t e r i a l  must be homogeneous and 
un ifo rm  which means i n  p r a c t i c e  t h a t  th e  g r a in  s i z e  must be v e ry  much 
s m a l l e r  th an  th e  i n d e n t a t i o n  s i z e .
1 .6 .1  G ra in  s i z e
I t  has  been found by H a l l  (1951) t h a t  c r i t i c a l  s h e a r  s t r e s s ,  ©, 
depends on g r a i n  s i z e  a c c o r d in g  to  th e  fo rm u la :
-1/2©  S  •Q £1 1O 1
where 1 i s  t h e  g r a i n  d ia m e te r  and ©q t h e  y i e l d  s t r e s s  o f  a l a r g e  s i n g l e  
c r y s t a l ,  th e  i n c r e a s e  b e in g  due t o  t h e  r e s i s t a n c e  e x e r t e d  by th e  g r a i n  
boundary  to  t h e  p a s sa g e  o f  s l i p  from one g r a in  to  t h e  n e x t .  I t  h a s  th u s  
been s u g g e s te d  t h a t  ( s i n c e  i t  i s  a  m easure o f  y i e l d  s t r e s s )  h a rd n e s s  
would obey th e  s i m i l a r  law:
1.6 MATERIALS WHICH WORK HARDEN
T his  i n c r e a s e  i n  h a rd n e s s  w i th  d e c r e a s in g  g r a i n  s i z e  has  indeed  been 
shown e x p e r im e n ta l l y  t o  be v a l i d ,  eg Babyak and R hines (1960) and J i n d a l  
and Armstrong (1 9 6 7 ) .  However, S a rg e n t  and Page (1978) have found t h a t  
a l th o u g h  t r u e  f o r  v e ry  s m a l l  g r a i n s ,  when th e  g r a i n  s i z e  i s  com parable  
w i th  th e  i n d e n t a t i o n  s i z e  ( 1 p o l y c r y s t a l l i n e * m a t e r i a l s ) ,  m ic ro h a rd n e ss  
can be shown to  i n c r e a s e  w ith  i n c r e a s i n g  g r a i n  s i z e .  T h is  was th o u g h t  to  
be due t o  a number o f  f a c t o r s ,  such  a s  th e  weakening e f f e c t  o f  g r a i n  
b o u n d a r ie s  and th e  i n f l u e n c e  o f  a n i s o t r o p y .
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In  th e  c a se  o f  a m a t e r i a l  which i s  n o t  f u l l y  work h a rd e n e d ,  th e  
i n d e n t a t i o n  p r o c e s s  i t s e l f  w i l l  in d u ce  t h i s  s t a t e ,  i e  p roduce  an 
i n c r e a s e  i n  t h e  f low  s t r e s s ,  Y, which w i l l  v a ry  w ith  d i s t a n c e  from th e  
i n d e n t e r .  I t  i s  t h e r e f o r e  no lo n g e r  a c o n s ta n t  and must be r e p l a c e d  in  
th e  a n a l y s i s  by Y , a r e p r e s e n t a t i v e  v a lu e  o f  th e  f low  s t r e s s  such  t h a t
1.6.2 Representative values
where K i s  a c o n s t a n t ,  x i s  th e  work h a rd e n in g  in d e x ,  e Q i s  th e  i n i t i a l  
p r e s t r a i n  i n  t h e  m a t e r i a l  and e^ a r e p r e s e n t a t i v e  v a lu e  o f  th e  
su b se q u e n t  a d d i t i o n a l  s t r a i n  in  th e  non -un ifo rm  d e fo rm a t io n  f i e l d  
b e n e a th  th e  i n d e n t a t i o n .
By comparing th e  s t r e s s - s t r a i n  cu rv e  o f  a m e ta l  w i th  i t s  V ic k e rs
h a rd n e s s  v a lu e  a t  v a r io u s  s t a g e s  o f  work h a rd e n in g ,  i t  i s  found t h a t
such  an i n d e n t a t i o n  p ro d u ce s  a r e p r e s e n t a t i v e  s t r a i n  e^ c o r r e s p o n d in g  to
an a d d i t i o n a l  t e n s i l e  s t r a i n  o f  some Q% (w hatever  th e  i n d e n t a t i o n  s i z e ) .
I f  t h e  y i e l d  s t r e s s  c o r r e s p o n d in g  t o  a d e fo rm a t io n  o f  (e  + 8)2 i s  foundo
from th e  s t r e s s - s t r a i n  c u rv e  (c o r r e s p o n d in g  t o  th e  r e p r e s e n t a t i v e  v a lu e  
o f  Y around th e  i n d e n t a t i o n )  i t  can be shown t h a t  t h i s  v a lu e  m u l t i p l i e d  
by 2 .9  a g re e s  w e l l  w i th  th e  o b se rv e d  V ic k e rs  h a rd n e s s  number.
For p y ram id a l  i n d e n t a r s ,  t h e r e f o r e ,  e r  i s  in d e p e n d e n t  o f  th e  
i n d e n t a t i o n  s i z e ,  b u t  f o r  s p h e r i c a l  i n d e n t e r s  i t  depends l i n e a r l y  on th e  
's h a p e  f a c t o r '  d/D where d i s  t h e  i n d e n t a t i o n  d ia m e te r  and D t h a t  o f  th e  
i n d e n t e r .  In  f a c t ,  i t  i s  found t h a t  t o  a f i r s t  a p p ro x im a t io n :  
e^ = d /  5D. Because o f  t h i s  dependence , i t  can be shown t h a t  
x = (2 + n) where n i s  th e  exponen t  in  M eyer 's  Law.
1.7 SINGLE CRYSTALS
A s i n g l e  c r y s t a l ,  however, behaves  q u i t e  d i f f e r e n t l y  a g a in .  S ince  
p l a s t i c  f low  o c c u rs  o n ly  on a l i m i t e d  number o f  s l i p  p la n e s  and s in c e  
th e  c r i t i c a l  s h e a r  s t r e s s  may show marked d i f f e r e n c e s ,  t h e r e  can be 
c o n s id e r a b l e  d i r e c t i o n a l  p l a s t i c  a n i s o t r o p y .  A lthough th e  i n d e n t a t i o n  
h a rd n e s s  i s  s i m i l a r  t o  t h a t  o f  th e  f u l l y  worked m a t e r i a l ,  th e  y i e l d
Yr
T h u s : H = c K (e  + e ) x o r
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s t r e s s  i s  v e ry  much l e s s ;  t h e r e  a r e  many f a c t o r s  i n v o lv e d  h e r e ,  b u t  t h i s  
i s  p ro b a b ly  l a r g e l y  due t o  a  v e ry  r a p i d  work h a rd e n in g  r a t e  i n  th e  
s i n g l e  c r y s t a l .
An immense amount o f  r e s e a r c h  h as  been c a r r i e d  o u t  o v e r  th e  y e a r s  
i n t o  t h e  p r o p e r t i e s  o f  s i n g l e  c r y s t a l s  ( p a r t i c u l a r l y  by Brookes) s in c e  
t h e  h a rd n e s s  a n i s o t r o p y  (which i s  g e n e r a l l y  s tu d i e d  u s in g  a Knoop 
i n d e n t e r  o r i e n t e d  a t  v a r i o u s  a n g le s  t o  th e  known c r y s t a l l o g r a p h i c  
d i r e c t i o n s )  i s  d e te rm in e d  by c r y s t a l  s t r u c t u r e  and th e  p r im ary  s l i p  
s y s te m s .  In d e e d ,  th e  h a r d n e s s  o f  c r y s t a l s ,  l i k e  th e  f lo w  s t r e s s  i n  o t h e r  
ty p e s  o f  m ec h a n ic a l  t e s t i n g  i s  a f u n c t i o n  o f  c r y s t a l  o r i e n t a t i o n .  
However, h e re  t h e  m ic ro h a rd n e ss  t e s t  i s  b e in g  u sed  a s  a t o o l  to  g a in  
i n f o r m a t io n  abou t  m a t e r i a l s  r a t h e r  th a n  u s in g  ’p e r f e c t '  homogeneous 
i s o t r o p i c  m a t e r i a l s  t o  i n v e s t i g a t e  th e  t e s t  i t s e l f  a s  i s  th e  main 
s u b j e c t  o f  t h i s  work.
1 .7 .1  T h e o r e t i c a l  a n a l y s i s  f o r  s i n g l e  c r y s t a l s
I f  a t e n s i l e  lo a d  F a c t s  a lo n g  th e  a x i s  o f  a  c y l i n d r i c a l  
m o n o c r y s ta l l i n e  specim en  o f  a r e a  A, r o t a t i o n  o f  t h e  s l i p  p la n e s  w i l l  
g e n e r a l l y  o c c u r .  The c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  t o  p roduce  s l i p  i s  
g iv e n  by th e  Schmid and Boas r e l a t i o n :
F
t - J  c ° s X cos 6
where X i s  t h e  a n g le  betw een th e  s t r e s s  a x i s  and th e  s l i p  d i r e c t i o n  and 
<6 i s  th e  a n g le  betw een th e  s t r e s s  a x i s  and th e  norm al to  th e  s l i p  p l a n e .
D a n ie ls  and Dunn (1949) assumed a c r y s t a l  t o  be made o f  a  s e r i e s  o f  
c y l i n d e r s  under  t e n s i o n  l y in g  p a r a l l e l  t o  th e  s t e e p e s t  s lo p e  o f  th e  
i n d e n t e r  f a c e s .  O p p o s i t io n  t o  r o t a t i o n  o f  s l i p  p l a n e s  d u r in g  th e
i n d e n t a t i o n  p r o c e s s  depended on th e  a n g le  X betw een th e  s l i p  d i r e c t i o n
and each  i n d e n t e r  f a c e t .  To p ro d u ce  p l a s t i c  y i e l d i n g ,  t h e r e f o r e ,  an 
e f f e c t i v e  r e s o l v e d  s t r e s s  was r e q u i r e d  g iv e n  by:
F
t  = — cos X cos <t cos Xe A
T h is  th e o r y  went some o f  t h e  way to w ard s  e x p la i n in g  e x p e r im e n ta l  
r e s u l t s ,  a s  d id  t h e  work o f  Feng and Elbaum (1958) and G a r f in k l e  and 
G a r l i c k  (1 9 6 8 ) ,  who assumed th e  e f f e c t i v e  d e fo rm a t io n  s t r e s s  t o  be
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c o m p re s s iv e ,  norm al to  th e  i n d e n t e r  f a c e s .
More r e c e n t l y ,  by making s l i g h t l y  d i f f e r e n t  a s s u m p t io n s ,  Brookes 
e t  a l  (1971) have shown t h a t  t  a l s o  depends on th e  a n g le  v between th e  
s l i p  d i r e c t i o n  and th e  a n g le  betw een each  f a c e t  on th e  i n d e n t e r  such  
t h a t :
F 1cos  X cos jz5 Tj- ( c o s  X + s i n  v)
S in c e  a l l  a n g le s  a r e  d e te rm in e d  by th e  i n d e n t e r  geom etry  and t h a t  o f  th e  
c r y s t a l  s l i p  s y s te m s ,  g ra p h s  can be p l o t t e d  o f  t  v e r s u s  a z im u th a l  a n g le  
f o r  a g iv e n  i n d e n t e r ,  showing a s i n u s o i d a l  v a r i a t i o n ,  t h e  maximum v a lu e  
o f  t  r e p r e s e n t i n g  minimum h a rd n e s s  s in o e  t  i s  a m easure  o f  th e  e a se  
w i th  which s l i p  w i l l  o c c u r .  The p a t t e r n  a g re e s  w e l l  w i th  e x p e r im e n ta l  
r e s u l t s ,  b u t  t h e  a b s o lu t e  v a lu e s  a r e  n o t  a lw ays w e l l  c o r r e l a t e d  s in c e  
v a lu e s  f o r  F and A c a n n o t  be unam biguously  d e f in e d  i n  h a rd n e s s  
m easurem ent. I t  s h o u ld  be n o te d  i n  p a s s in g  t h a t  s i n c e  th e  number o f  
f a c e t s  on a p a r t i c u l a r  i n d e n t e r  em phasize  th e  a n i s o t r o p y  o f  a p a r t i c u l a r  
p la n e  which s h a r e s  t h a t  symmetry, th e  z e ro  a z im u th a l  a n g le  o f  a  V ic k e rs  
and B erkov ich  i n d e n t e r  c o r re s p o n d  t o  t h e  d i r e c t i o n  o f  th e  i n d e n t e r  s i d e , 
n o t  i t s  d i a g o n a l  o r  a l t i t u d e .
One o t h e r  im p o r ta n t  work on th e  s u b j e c t  i s  p ro v id e d  by Wonsiewicz and 
Chin (1973) who c a l c u l a t e d  th e  s t r e s s  f o r  a  s i m p l i f i e d  tw o -d im e n s io n a l  
i n d e n t e r  based  on T a y l o r ' s  c r y s t a l  p l a s t i c i t y  a n a l y s i s  (1938) and u s in g  
th e  r a d i a l  c o m p ress io n  s t r a i n  f i e l d  o b se rv e d  by M ulhearn (1 9 5 9 ) .  T h e i r  
c o n c lu s io n  was t h a t  a c c o r d in g  t o  th e  m odel, th e  Knoop h a rd n e s s  sh o u ld  
depend on ly  on th e  o r i e n t a t i o n  o f  th e  lo n g  a x i s  o f  th e  i n d e n t a t i o n  and 
be in d e p e n d e n t  o f  t h e  p la n e  o f  i n d e n t a t i o n .
1.8 ELASTICITY THEORY
A lthough  a m ic ro h a rd n e ss  t e s t  i s  g e n e r a l l y  pe rfo rm ed  to  g iv e  
i n f o r m a t io n  c o n c e rn in g  th e  p l a s t i c  p r o p e r t i e s  o f  a  m a t e r i a l ,  t h e  e l a s t i c  
e f f e c t s  a r e  c l e a r l y  o f  c o n s id e r a b l e  im p o r ta n c e  i n  d e te rm in in g  th e  
r e s u l t s  o b t a i n e d .  A ccord ing  t o  P r a n d t l ' s  punch t h e o r i e s ,  th e  m a t e r i a l  
d i s p l a c e d  by th e  punch f lo w s  upw ards; however, when a r i g i d  s p h e re  i s  
a c t u a l l y  p r e s s e d  i n t o  an e l a s t i c ,  s e m i - i n f i n i t e  body, i t  i s  found t h a t  a 
ro u g h ly  s p h e r i c a l  volume b e n e a th  th e  i n d e n t e r  i s  deform ed and i t  i s  
p o s s i b l e  t o  show t h a t  t h e  d i s p l a c e d  volume may be a c c o u n te d  f o r  by an
1 .8 .1  'C u t t i n g '  and 'co m p ress io n *  mechanisms
The two mechanisms were f i r s t  d i s t i n g u i s h e d  by Samuels and 
M ulhearn (1957) and M ulhearn (1 9 5 9 ) .  They s t a t e d  t h a t  i n  th e  fo rm er  c a se  
th e  ' c u t t i n g '  mechanism d i c t a t e s  t h a t :  th e  d e fo rm a t io n  s h o u ld  n o t  e x te n d  
f a r  below th e  i n d e n t e r ,  t h e  d i s p la c e m e n t  o f  p o i n t s  on th e  o r i g i n a l  
s u r f a c e  sh o u ld  have a r e l a t i v e l y  l a r g e  component p a r a l l e l  t o  t h a t  
s u r f a c e ,  th e  h e ig h t  o f  th e  r a i s e d  l i p  a d j a c e n t  t o  th e  i n d e n t a t i o n  sh o u ld  
be a b o u t  one t h i r d  t h e  i n d e n t a t i o n  d e p th  and th e  l i p  p r o f i l e  s h o u ld  be a 
s t r a i g h t  l i n e .  A ccord ing  to  t h e  'c o m p r e s s io n '  mechanism: th e  deformed 
zone sh o u ld  e x te n d  a s  f a r  below th e  i n d e n t e r  a s  i t  does  o u tw a rd s ,  t h e r e  
s h o u ld  be o n ly  a . s m a l l  d i s p la c e m e n t  component in  th e  p la n e  o f  th e  
s u r f a c e  and th e  h e i g h t  o f  th e  r a i s e d  l i p  sh o u ld  be a p p ro x im a te ly  one 
h u n d re d th  o f  th e  i n d e n t a t i o n  d i a g o n a l .
The o p e r a t i o n  o f  t h e s e  d i f f e r e n t  reg im es  was a t t r i b u t e d  t o :
( i )  d i f f e r e n c e s  betw een th e  d e fo rm a t io n  c h a r a c t e r i s t i c s  o f  a n n e a le d  
7 0 :30  b r a s s  used  i n  th e  e x p e r im e n ts  and an i d e a l  r i g i d - p l a s t i c  m a t e r i a l ,
( i i )  d i f f e r e n c e s  betw een d e fo rm a t io n  mechanisms in d u ce d  by wedge and 
p y ra m id a l  i n d e n t e r s  and ( i i i )  th e  e f f e c t  o f  wedge a n g l e ,  th e  ' c u t t i n g '  
mechanism o p e r a t in g  a t  sm a l l  wedge ( se ra i- )  a n g le s  ( l e s s  th a n  30°) w i th  
i n c r e a s i n g  'c o m p r e s s io n '  i n f l u e n c e  up t o  6 8° ,  a f t e r  which t h i s  l a t t e r  
mechanism p re d o m in a te s .  B a s i c a l l y ,  t h e r e f o r e ,  t h e  s l i p  l i n e  f i e l d  th e o r y  
assum es th e  m a t e r i a l  s u r ro u n d in g  th e  p l a s t i c a l l y  in d e n te d  zone t o  be 
r i g i d ,  w h i l s t  e l a s t i c  t h e o r y  assum es i t  t o  be e l a s t i c .  In  th e  l a t t e r  
c a s e ,  c w i l l  te n d  t o  i n c r e a s e  w i th  f r i c t i o n  and work h a rd e n in g  c a p a c i t y .  
I n d e n t e r s  f o r  which th e  e l a s t i c  th e o r y  h o ld s  a r e  term ed ' b l u n t '  
i n d e n t e r s  and w i l l  have a cone s e m i-a n g le  g r e a t e r  th a n  70° o r  80° 
d epend ing  on f r i c t i o n .
1 .8 .2  The e f f e c t  o f  f r i c t i o n
One f a c t o r  which i s  f r e q u e n t l y  n e g le c te d  i s  th e  e f f e c t  o f  f r i c t i o n  
betw een th e  i n d e n t e r  and th e  spec im en . T h is  i s  n o t ,  o f  c o u r s e ,  a so u rc e  
o f  e r r o r  when o b t a i n i n g  a h a rd n e s s  v a lu e  (e x c e p t  i n  th e  c a se  o f  a 
c o n ta m in a t in g  l a y e r  on th e  specim en s u r f a c e  o r  on th e  i n d e n t e r  i t s e l f )  
b u t  a f a c t o r  i n h e r e n t  i n  th e  t e s t .  However, i t  i s  h ig h ly  d e s i r a b l e  t o
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elastic decrease in volume without upward flow.
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have a knowledge o f  ji s i n c e  t h e  c o r r e c t i o n  in v o lv e d  may be s i g n i f i c a n t  
f o r  some s y s te m s .
Any f r i c t i o n a l  f o r c e  w i l l  n a t u r a l l y  a c t  so  a s  t o  p r e v e n t  th e  i n d e n t e r  
from p e n e t r a t i n g  th e  s u r f a c e ,  l e a d i n g  t o  a r e d u c t i o n  i n  i n d e n t a t i o n  s i z e  
and an a p p a re n t  i n c r e a s e  i n  h a r d n e s s .  As lo n g  ago a s  1925, Hankins 
p roduced  a r e p o r t  on th e  e f f e c t s  o f  a d h e s io n  betw een th e  i n d e n t in g  t o o l
and th e  m a t e r i a l  i n  b a l l  and cone i n d e n t a t i o n  h a rd n e s s  t e s t s .  He was
a b le  t o  show t h a t  i n  o r d e r  t o  make an a c c u r a t e  com parison  o f  th e  mean 
p r e s s u r e s  unde r  th e  diamond p o i n t  i n  a  s c r a t c h  t e s t  and th e  i n d e n t e r  in  
a b a l l  o r  cone t e s t  a c o r r e c t i o n  had to  be made f o r  'some form o f
a d h e s io n ,  an a lo g o u s  t o  f r i c t i o n '  which depended on th e  s t a t e  o f
l u b r i c a t i o n  o f  t h e  i n d e n t e r  and spec im en . Some more r e c e n t  t h e o r e t i c a l  
c a l c u l a t i o n s  have been pe rfo rm ed  f o r  wedges by Grunsweig e t  a l  (1954) 
and Johnson (1970) b u t  n o t  f o r  t r u e  i n d e n t e r  s h a p e s .  Tabor (1970) 
s u g g e s t s  t h a t  a s  a  c ru d e  a p p ro x im a t io n  th e  i n d e n t a t i o n  p r e s s u r e ,  p ,  may 
be e x p re s s e d  by a r e l a t i o n s h i p  o f  t h e  form :
P = PQ (1 + f1 GOt 9)
where pQ i s  th e  v a lu e  f o r  f r i c t i o n l e s s  i n d e n t a t i o n  and Q th e  s e m i - a p i c a l  
a n g le  o f  th e  i n d e n t e r .  For  a V ic k e rs  i n d e n t e r ,  where th e  a v e ra g e  v a lu e  
o f  Q i s  a b o u t  7 0 ° ,  t h i s  g i v e s :
P = PQ (1 + 0 .4  ji)
So, i f  ji s  0 .1  (which i t  i s  s t a t e d  i s  a  r e a s o n a b le  v a lu e  f o r  s u r f a c e s  
c o n ta m in a te d  i n  t h e  a tm o s p h e r e ) , t h e  o b se rv e d  i n d e n t a t i o n  p r e s s u r e  i s  
a b o u t  g r e a t e r  th a n  th e  t r u e  v a lu e .  Adsorbed f i l m s  o f  w a te r  and o t h e r  
s u r f a c e  a c t i v e  m a t e r i a l s  a r e  th o u g h t  t o  have  l i t t l e  e f f e c t  on th e  
h a rd n e s s  o f  m e t a l s ,  b u t  t h e y  may have a v e ry  l a r g e  i n f l u e n c e  on th e  
h a rd n e s s  o f  m in e r a l s ,  a s  found by W estbrook and J o rg e n s e n  (1 9 6 8 ) .
1 . 8 .3  The im p o r ta n c e  o f  E/Y
As m entioned  p r e v i o u s l y ,  i t  h a s  been found t h a t  m a t e r i a l s  sometimes 
behave a s  i f  t h e  i n d e n t a t i o n  p r e s s u r e  a c t s  ove r  a  s e m i - s p h e r i c a l  c o re  o f  
d ia m e te r  d and t h a t  beyond t h i s  t h e  p l a s t i c  s t r a i n s  g r a d u a l ly  red u c e  
u n t i l  th e y  match th e  e l a s t i c  s t r a i n s  i n  th e  b u lk  m a t e r i a l  a t  some r a d i u s  
c ( s e e  F ig u re  2 ) .
M ean c o n ta c t  
p re s s u re  p
b b b b
F ig . 2 In d e n ta t io n  of a n  id e a l  e l a s t i c - p l a s t i c  s o l id  by 
e x p a n s io n  of a  h e m is p h e r i c a l  c o re
F ig . 3 V a r ia t io n  o f in d e n ta t io n  p re s s u re  w i th  Y o u n g s  
m o d u lu s !  Y ie ld  s t r e s s  r a t io .
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F o llo w in g  on from th e  work o f  B ishop , H i l l  and Mott (1945) on deep 
punch ing  u s in g  an  expand ing  c a v i t y  m odel, f u r t h e r  t h e o r e t i c a l ’ a n a l y s i s  
by H i l l  (1950) showed t h a t  t h e  p r e s s u r e ,  p ,  a t  which a s p h e r i c a l  c a v i t y  
expands ( th e  p l a s t i c  y i e l d  p r e s s u r e )  depends on th e  r a t i o  o f  th e  y i e l d  
s t r e s s ,  Y, t o  t h e  e l a s t i c  m odulus. I f  E i s  Y oung 's  modulus and v i s  
P o is s o n s  r a t i o :
P 2 / /. i  E \
Y " 3 3(1 -  v) Y
= 0 .4 0  + •— I n  y  i f  we ta k e  v = 0 .5
I f  p/Y i s  p l o t t e d  a g a i n s t  In  (E /Y ),  a  s t r a i g h t  l i n e  i s  o b ta in e d  ( se e  
F ig u re  3 ) .  M a te r i a l s  can t h e r e f o r e  a l s o  be c l a s s i f i e d  f o r  th e  p u rp o se s  
o f  h a rd n e s s  th e o r y  a c c o r d in g  t o  t h e i r  s t i f f n e s s  t o  f low  s t r e s s  (E/Y) 
r a t i o .  S t i f f  m a t e r i a l s  (eg m e ta l s )  w i th  h ig h  E/Y v a lu e s  te n d  to  deve lop  
H e r tz i a n  s t r e s s  d i s t r i b u t i o n s  o v e r  th e  c o n ta c t  a r e a  w hereas low E/Y 
m a t e r i a l s  (eg g l a s s e s  and po lym ers)  te n d  t o  dev e lo p  a un ifo rm  s t r e s s  
d i s t r i b u t i o n  o v e r  t h e  c o n t a c t  a r e a .  The v a lu e  o f  p/Y ( th e  q u a n t i t y  ' c ' )  
i s  a  c o n s t a n t  (= 3) i n  th e  fo rm er  c a s e ,  a s  d i s c u s s e d  p r e v i o u s l y ,  b u t  f o r  
low E/Y m a t e r i a l s ,  p/Y i s  a  f u n c t i o n  o f  E/Y. F ig u re  3 shows t h a t  f o r  E/Y 
g r e a t e r  th a n  a b o u t  150, t h e  r a t i o  p/Y i s  a p p ro x im a te ly  3.
The work o f  Samuels and M ulhearn was fo l lo w e d  up by Marsh (1964) who 
was i n t e r e s t e d  i n  t h e  p l a s t i c  f lo w  o f  g l a s s .  He found e x p e r im e n ta l l y  
t h a t  f o r  v = 0 .3 :
Y = 0 .0 7  + 0 .6  In  |
G la ss  c o r r e s p o n d s  t o  an E/Y r a t i o  o f  a b o u t  20 w i th  p = 1 .7  to  2 Y.
However, when E/Y i s  v e ry  s m a l l ,  sa y  10, p i s  o n ly  1.5 Y, which means
t h a t  t h e  V ic k e rs  h a rd n e s s  i s  a p p ro x im a te ly  1.4 Y ( t h i s  f i g u r e  m u l t i p l i e d
by co s  2 2 ° ) .  T h is  c o r r e s p o n d s  t o  a  v e ry  ' e l a s t i c '  m a t e r i a l  which i s  a b le  
to  accommodate th e  p l a s t i c  s t r a i n s  so  r e d u c in g  th e  p l a s t i c  f low  
c o n s t r a i n t .  T h is  i s  t y p i c a l  o f  a t h e r m o p la s t i c  polymer such  a s  n y lo n ,  
p e rs p e x  o r  p o ly th e n e .  A lthough th e y  behave l i k e  m e ta l s  to  a f i r s t  
a p p ro x im a t io n  and can  be c h a r a c t e r i s e d  by E and Y, s in c e  th e s e
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p a ra m e te r s  depend on th e  r a t e  o f  d e fo r m a t io n ,  such  m a t e r i a l s  a r e  
r e f e r r e d  to  as  v i s c o - e l a s t i c  s o l i d s .
H i r s t  and Howse (1 9 6 9 ) ,  who s t u d i e d  wedge i n d e n t a t i o n ,  were a b le  t o  
show t h a t  th e  r a d i a l  c o m p ress io n  d e fo rm a t io n  mechanism was fa v o u re d  f o r  
such  m a t e r i a l s  and t h a t  th e  i n d e n t a t i o n  p r e s s u r e  t a k e s  th e  form:
P -j „ E7  = C + m In y
where t h e  v a lu e  o f  C depends upon th e  a n g le  o f  th e  wedge. In  such  
p o ly m e rs ,  V ic k e rs  i n d e n t a t i o n s  u s u a l l y  a p p e a r  p in c u s h io n  shaped  so a 
u s e f u l  h a rd n e s s  v a lu e  c a n n o t  be o b ta in e d  from d ia g o n a l  m easurem ent; 
i n d e e d ,  some c o n t in u e  t o  r e c o v e r  lo n g  a f t e r  rem oval o f  t h e  i n d e n t e r .  The 
s i t u a t i o n  i s  f u r t h e r  c o m p l ic a te d  by c r y s t a l l i n e  m a t e r i a l s  which p o s s e s s  
low E/Y r a t i o s  due t o  a h ig h  v a lu e  o f  Y, w hereas  g l a s s e s  have low E/Y 
r a t i o s  due to  a  low v a lu e  o f  E.
1*8.4 The e f f e c t  o f  i n d e n t e r  a n g le
A lthough  t r u e  f o r  p y ra m id a l  i n d e n t e r s  o f  l a r g e  a p i c a l  a n g le ,  t h e  
fo re g o in g  d i s c u s s i o n  i s  n o t  v a l i d  f o r  pyram ids o f  s e m i-a n g le  l e s s  th a n  
a b o u t  50° a s  i n t i m a t e d  by Samuels and M ulhearn . By c o n s id e r in g  th e  
r a d i a l  d i s p la c e m e n t  o f  p a r t i c l e s  and a l s o  movement o f  th e  two b o u n d a r ie s  
(be tw een  th e  h y d r o s t a t i c  c o re  and th e  p l a s t i o  zone and between th e  
p l a s t i c  and e l a s t i c  zones)  t o  accommodate m a t e r i a l  d i s p l a c e d  by th e  
i n d e n t e r ,  Johnson (1970) h a s  shown t h a t  th e  i n d e n t a t i o n  p r o c e s s  may be 
d e s c r ib e d  in  te rm s  o f  th e  i n d e n t e r  s e m i -a n g le ,  0 , t o  y i e l d  th e  e q u a t io n :
£  _ 2 M . E o o t  0 ,Y " 3 3 y
A lthough  o n ly  a p p l i c a b l e  t o  p y ra m id a l  o r  c o n ic a l  i n d e n t e r s ,  c o t  0 may be 
r e p l a c e d  by a/R  t o  d e s c r i b e  th e  b e h a v io u r  o f  a  s p h e r i c a l  i n d e n t e r  (a  
b e in g  th e  r a d i u s  o f  th e  h y d r o s t a t i c  c o re  and R th e  i n d e n t e r  r a d i u s ) .
P l o t t i n g  p/Y v e r s u s  E/Y t a n  0 y i e l d s  a g raph  s i m i l a r  t o  F ig u re  3 from 
which i t  can be se en  t h a t  t h e  v a lu e  o f  th e  a b s c i s s a  c o r r e s p o n d in g  t o  
f u l l  p l a s t i c i t y  (p/Y - 3) i s  a p p ro x im a te ly  t e n  t im e s  t h a t  c o r r e s p o n d in g  
t o  t h e  o n s e t  o f  p l a s t i c i t y  (p/Y -  1 . 1 ) .  For E/Y and R bo th  c o n s t a n t ,
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t h i s  i m p l ie s  t h a t  th e  i n d e n t a t i o n  r a d i u s ,  a ,  i n c r e a s e s  by ab o u t  t e n  
t im e s ,  which a g r e e s  w e l l  w i th  e x p e r im e n ta l  r e s u l t s .  I t  sh o u ld  be noted ', 
how ever, t h a t  once more two f a c t o r s  a r e  a t  work h e r e .  The q u a n t i t y  
E/Y t a n  9 may be com parab le  f o r  m a t e r i a l s  w i th  l a r g e  E/Y and sm a l l  t a n  9 
(eg  b lu n t  i n d e n t e r s  i n  g l a s s ,  a s  s t u d i e d  by Marsh) and f o r  m a t e r i a l s  
w i th  s m a l l  E/Y y e t  l a r g e r  t a n  9 (eg  polymer i n d e n t a t i o n ) .  I f  H i l l ' s  
a n a l y s i s  i s  f o l lo w e d ,  when th e  p l a s t i c  e l a s t i c  boundary  i s  a t  a  d i s t a n c e  
c ,  th e  p r e s s u r e  in  th e  e xpand ing  h e m is p h e r i c a l  c o re  i s  g iv e n  by:
T h is  im p l ie s  t h a t  th e  e l a s t i c - p l a s t i c  boundary c o in c i d e s  w i th  th eO
boundary  o f  th e  p l a s t i c  c o re  (c  = a) when p = - |  Y; t h i s  i s  when p l a s t i c  
d e fo rm a t io n  t h e o r e t i c a l l y  commences. When P s 3 Y, c B 3 .2  a  and any 
e l a s t i c  y i e l d i n g  o f  th e  b u lk  m a t e r i a l  does n o t  i n f l u e n c e  p l a s t i c  f lo w , 
i e  th e  m a t e r i a l  i s  r i g i d - p l a s t i c  and p i l e - u p  around  th e  i n d e n t e r  e n s u e s .
1.9 THE USE OF RADIAL EXPANSION MODELS
R a d ia l  e x p a n s io n  m odels o f  h a rd n e s s  have been o f  c o n s id e r a b l e  
im p o r ta n c e  i n  r e c e n t  deve lopm en ts  o v e r  th e  p a s t  t e n  y e a r s  o r  s o .  For 
i n s t a n c e ,  Lawn, Evans and M a rs h a l l  (1980) have  made c o n s id e r a b l e  use  o f  
such  models i n  t h e  s tu d y  o f  c e ra m ic s ;  and th e  s t r e s s  f i e l d s  a s s o c i a t e d  
w i th  an expand ing  c a v i t y  have  been o f  g r e a t  use  i n  u n d e r s t a n d in g  th e  
c r a c k in g  which o f t e n  accom panies  i n d e n t a t i o n  f o rm a t io n .
1 .9 .1  C rack ing
Once a g a in  i t  i s  im p o r ta n t  t o  d i s t i n g u i s h  betw een c a s e s  where th e  
m a t e r i a l  i s  b r i t t l e  and where i t  i s  o n ly  ' s e m i b r i t t l e ' , s i n c e  f o r  a 
g iv e n  f r a c t u r e  to u g h n e s s  ( r e s i s t a n c e  * t o  c r a c k in g )  th e  p a t t e r n  o f  
c r a c k in g  a l t e r s  a s  t h e  E/Y r a t i o  c h a n g e s .  The most b a s i c  type  o f  
i n d e n t a t i o n  c r a c k  i s  t h a t  p roduced  by a s p h e r i c a l  i n d e n t e r  in  a b r i t t l e  
s o l i d :  th e  H e r tz i a n  r i n g  c r a c k ,  a s  d i s c u s s e d  by R o e s le r  (1 9 5 6 ) .  T h is  i s  
a s u r f a c e  c r a c k  w hich may e x te n d  f u r t h e r  i n t o  th e  m a t e r i a l  a s  a  cone 
c r a c k  a s  th e  lo a d  i s  i n c r e a s e d .  I f  a s h a r p e r  i n d e n t e r  i s  used  on a 
b r i t t l e  m a t e r i a l ,  f r a c t u r e s  a r e  i n i t i a t e d  below th e  i n d e n t e r  i n  th e  bu lk  
m a t e r i a l  and p ro p a g a te  upwards to w a rd s  th e  s u r f a c e ;  how ever, t h e r e  i s  a
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ten d e n c y  f o r  s u r f a c e  r a d i a l  c r a c k in g  t o  p red o m in a te  f o r  a l l  ty p e s  o f  
i n d e n t e r .
There  a r e  t h r e e  ty p e s  o f  i n d e n t a t i o n  c r a c k in g  commonly o b s e rv e d .  
P a lm q v is t  c r a c k s  (1957) e x te n d  r a d i a l l y  w i th in  th e  median p la n e s  o f  th e  
i n d e n t a t i o n  ( p la n e s  c o n ta i n in g  th e  lo ad  a x i s )  and rem ain  c lo s e  t o  th e  
specim en  s u r f a c e ;  when th e  i n d e n t a t i o n  i s  u n lo a d e d ,  th e y  grow bo th  in  
l e n g t h  and i n  d e p th .  In  b r i t t l e  m a t e r i a l s ,  median v e n ts  form in  th e  
e l a s t i c  zone b e n e a th  th e  i n d e n t a t i o n  w h i l s t  l a t e r a l  v e n ts  a p p e ar  (on 
p l a n e s  p a r a l l e l  t o  th e  i n d e n te d  s u r f a c e )  w i th in  th e  p l a s t i c  zone . On 
u n lo a d in g  th e  i n d e n t a t i o n ,  t h e  fo rm er  te n d  to  c lo s e  w h i l s t  th e  l a t t e r  
e x t e n d .
1 .9 .2  The Lawn Evans model
One o f  th e  b e s t  known t h e o r i e s  on c r a c k in g  i s  due to  Lawn and 
Evans (1 9 7 7 ) .  They d i s t i n g u i s h  betw een th e  phenomena o f  c ra c k  i n i t i a t i o n  
and c r a c k  p r o p a g a t i o n , c o n c e n t r a t i n g  on th e  fo rm er s in c e  th e  l a t t e r  i s  
r e l a t i v e l y  w e l l  u n d e r s to o d .  The Lawn Evans model ( f o r  th e  i n i t i a t i o n  o f  
median c r a c k s  i n  e l a s t i c / p l a s t i c  i n d e n t a t i o n  f i e l d s )  r e l i e s  on th e  
e x i s t e n c e  o f  ' f o r t u i t o u s *  s u b - s u r f a c e  f la w s  o f  th e  c o r r e c t  c r i t i c a l  
d im en s io n s  i n  th e  ne ighbourhood  o f  t h e  e l a s t i c  p l a s t i c  boundary  where 
t e n s i l e  s t r e s s e s  a r e  a  maximum. By making a ssu m p t io n s  ab o u t  th e  
m agn itude  and v a r i a t i o n  o f  t h e s e  s t r e s s e s  and th e  l o c a t i o n  o f  th e  
i n i t i a t i n g  ( p r e - e x i s t i n g )  c r a c k s ,  c o n d i t i o n s  a r e  d e r iv e d  f o r  th e  
i n i t i a t i o n  o f  th e  s u b - s u r f a c e  f l a w s .  Hagan (1 9 7 9 ) ,  how ever, has  p roposed  
t h a t  t h e s e  l a r g e  f la w  s i z e s  a r e  n o t  n e c e s s a r i l y  i n h e r e n t  i n  th e  m a t e r i a l  
and t h a t  th e  i n t e r a c t i o n  o f  d i s l o c a t i o n s  ( i n  c r y s t a l l i n e  m a t e r i a l s )  o r  
inhoraogeneous d e fo rm a t io n  ( i n  g l a s s y  m a t e r i a l s )  can p la y  an im p o r ta n t  
r o l e  i n  th e  n u c l e a t i o n  and grow th o f  s u b - s u r f a c e  c r a c k s  t o  th e  l a r g e  
s i z e s  p r e d i c t e d  by th e  Lawn Evans m odel.
The b a s ic  p r o c e s s e s  o f  i n d e n t a t i o n  f r a c t u r e  o f  b r i t t l e  s o l i d s  a r e  
n e v e r t h e l e s s  r e a s o n a b ly  w e l l  u n d e r s to o d ,  a s  d i s c u s s e d  by Lawn and 
Wilshaw (1 9 7 5 ) .  F u r th e r  p r o g r e s s  h a s ,  however, r e c e n t l y  been made by 
Lawn, Evans and M a rs h a l l  (1 9 8 0 ) ,  s t i l l  u s in g  an e l a s t o p l a s t i c  expanding  
c a v i t y  model o f  h a r d n e s s ,  b u t  s e p a r a t i n g  th e  i n d e n t a t i o n  f i e l d  o f  f o r c e  
i n t o  ' e l a s t i c '  and ' r e s i d u a l '  com ponents . The e l a s t i c  component t u r n s  
o u t  t o  be o f  l e s s e r  im p o r ta n c e  i n  c r a c k  e v o lu t io n  ( a i d i n g  th e  growth o f  
m edian c ra o k s  b e n e a th  t h e  s u r f a c e  b u t  s u p p r e s s in g  r a d i a l  c r a c k in g  a t  th e
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s u r f a c e )  th a n  th e  r e s i d u a l  component o f  th e  f o r c e  f i e l d .  S in ce  t h i s  
l a t t e r  depends a p p ro x im a te ly  on VE/Y and th e  e l a s t i c  component rem a ins  
n e a r l y  c o n s t a n t  i t  i s  shown (and p r a c t i c a l l y  v e r i f i e d )  t h a t  r a d i a l
c r a c k in g  w i l l  p re d o m in a te  a s  E/Y i n c r e a s e s  ( a t  c o n s t a n t  f r a c t u r e  
to u g h n e s s ) .  By d e r i v i n g  s e p a r a t e  e q u a t io n s  f o r  th e  l o a d in g  and u n lo a d in g  
h a l f - c y c l e s ,  i t  i s  shown t h a t  th e  median c r a c k  r e a c h e s  i t s  maximum
e x t e n t  d u r in g  l o a d i n g ,  w hereas  th e  r a d i a l  c ra c k  c o n t in u e s  t o  grow d u r in g  
u n lo a d in g .  They f u r t h e r  showed t h a t  th e  r a d i a l  c r a c k  c o n f i g u r a t i o n  was 
i n  e q u i l i b r i u m  d u r in g  b o th  l o a d in g  and u n lo a d in g ,  u n l ik e  th e  median 
c r a c k  c o n f i g u r a t i o n ,  s u g g e s t i n g  t h a t  i n d e n t a t i o n  f r a c t u r e  may be 
c h a r a c t e r i s e d  from s u r f a c e  o ra c k  m easurem ents  a lo n e .
1 .9 .3  The work o f  P e r r o t t
P e r r o t t  (1977) d i s c u s s e s  th e  c h a r a c t e r i s t i c  f r a c t u r e  modes which
a r i s e  when th e  m a t e r i a l  e x h i b i t s  some p l a s t i c i t y ,  by d i s c u s s in g  i n  
c o n s id e r a b l e  d e t a i l  t h e  p r o c e s s e s  o f  e l a s t i c - p l a s t i c  i n d e n t a t i o n .  He 
d e v e lo p s  e q u a t io n s  t o  d e s c r i b e  t h e s e  p r o c e s s e s  and by com paring them 
w i th  d a t a  f o r  c o n i c a l ,  b a l l ,  p y ra m id a l  and wedge i n d e n t e r s  i s  a b le  t o  
show t h a t  h a rd n e s s  i s  r e l a t e d  t o  a complex f u n c t i o n  o f  th e  m a t e r i a l ' s  
m ec h a n ic a l  p r o p e r t i e s  r a t h e r  th a n  s im p ly  i t s  y i e l d  s t r e s s .
P e r r o t t  d i s c u s s e s  how th e  'e x p a n d in g  c a v i t y '  model d i s c u s s e d  e a r l i e r  
i s  i n s u f f i c i e n t  t o  d e s c r i b e  th e  t r u e  s i t u a t i o n  s i n c e  i t  i g n o r e s  th e
e x i s t e n c e  o f  a f r e e  s u r f a c e  and a l s o  r e q u i r e s  t h a t  t h e  p r e s s u r e  
d i s t r i b u t i o n  a c r o s s  t h e  f a c e  o f  th e  i n d e n t e r  sh o u ld  be u n i fo rm ,  which i s  
o n ly  t r u e  i f  t h e  i n d e n t e r  a n g le  i s  a c u te  and th e  r a t i o  E/Y i s  h ig h .  
Whereas th e  expand ing  c a v i t y  model assum es t h a t  i n  e l a s t i c - p l a s t i c  
i n d e n t a t i o n  m a t e r i a l  i s  r a d i a l l y  d i s p l a c e d ,  P e r r o t t  assum es o n ly  a n e t  
( r a t h e r  th a n  a un ifo rm )  ou tw ard  movement o f  m a t e r i a l  and t h a t  a r a d i a l  
d i s p la c e m e n t  o f  t h e  e l a s t i c - p l a s t i c  boundary  i s  th e  p r i n c i p a l  mechanism 
o f  accommodating th e  i n d e n t e r  volum e. F u r th e rm o re ,  t h e  a p p a re n t  c o n ta c t  
p r e s s u r e  depends on th e  s i z e  o f  t h e  p l a s t i c  zone and i s  n o t  th e  a c t u a l  
p r e s s u r e .
1 .9 .4  The P u t t i c k ,  Smith and M i l l e r  th e o r y
S e r a i b r i t t l e  m a t e r i a l s  (w hich  have  a m odera te  v a lu e  o f  E/Y and a r e  
a b l e  t o  w i th s t a n d  c o n s i d e r a b l e  p l a s t i c  f low  i n  c o m press ion  b e fo re
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c r a c k in g  commences) have  a l s o  been u se d .  In  o r d e r  t o  e x p la i n  th e  e f f e c t  
o f  t e m p e r a tu r e ,  t im e  and h y d r o s t a t i c  p r e s s u r e  on th e  y i e l d  s t r e s s  in  
p o ly m e rs ,  p a r t i c u l a r l y  PMMA (p o ly -m e th y l  m e t h a c r y l a t e ) .  P u t t i c k ,  Smith 
and M i l l e r  (1977) have  d ev e lo p ed  th e  s o - c a l l e d  PSM th e o r y  which i s  f u l l y  
d i s c u s s e d  and e x p e r i m e n t a l l y  i n v e s t i g a t e d  by Kent (1 9 7 9 ) .
P u t t i c k  e t  a l  have  chosen  PMMA s in c e  i t  i s  t r a n s p a r e n t  (so  th e  
s p h e r o i d a l  r e g io n  u n d e r  s t r a i n  which changes  i t s  r e f r a c t i v e  in d ex  can be 
l o c a t e d  by p h o to g ra p h in g  a r e g u l a r  g r i d  th ro u g h  th e  b u lk  m a t e r i a l )  and 
deform ed zones a r e  much l a r g e r  th a n  i n  more b r i t t l e  c e ra m ic s .  I n d e n t in g  
PMMA u s in g  a s p h e r i c a l  s t e e l  b a l l ,  i t  was found t h a t  t h e  developm ent o f  
s u c h  a s p h e r o i d a l  r e g i o n  was accom panied by l i m i t e d  s u r f a c e  p i l e - u p  
a round  th e  i n d e n t e r  (v e ry  much l e s s  th a n  i n  a com parab le  t e s t  on a 
m e ta l )  and i n  t h e  p l a s t i c  r e g i o n  a d j a c e n t  to  t h e  c r a t e r ,  th e  
c i r c u m f e r e n t i a l  t e n s i l e  s t r e s s  form s a system  o f  r a d i a l  c r a z e s  i n  th e  
s u r f a c e .  At a  p e n e t r a t i o n  d e p th  o f  a b o u t  a f u l l  r a d i u s ,  a  c r a c k  d e v e lo p s  
which p r o p a g a te s  r a d i a l l y  o u tw a rd s  i n t o  th e  e l a s t i c a l l y  s t r a i n e d  r e g io n  
o u t s i d e  t h a t  o f  perm anen t f lo w ,  i n i t i a l l y  i n  th e  s u r f a c e  l a y e r s  bu t  
s u b s e q u e n t ly  f o l l o w in g  a p a th  round ( a l th o u g h  o u t s i d e )  th e  s p h e r o i d a l  
r e g io n  o f  anomalous r e f r a c t i v e  in d e x  below th e  i n d e n t e r .  During t h i s  
s t a g e  th e  c r a c k  grows i n  a  s t a b l e  f a s h i o n ,  b u t  f i n a l l y  th e  specim en 
b re a k s  w ith  r a p i d  u n c o n t r o l l e d  f r a c t u r e  from t h i s  i n i t i a l  c r a c k .  I f  th e  
e x p e r im e n t  i s  s to p p e d  b e f o r e  t h i s  s t a g e ,  t h e r e  i s  much e l a s t i c  r e c o v e ry  
on u n lo a d in g  so  t h a t  t h e  i n d e n t a t i o n  c o n t r a c t s  from a hem isphere  t o  a  
s p h e r i c a l  cap o f  ro u g h ly  h a l f  t h i s  d e p th ,  a l th o u g h  l i t t l e  c o n t r a c t i o n  o f  
t h e  maximum i n d e n t a t i o n  d ia m e te r  i s  o b s e rv e d .
An a n a l y s i s  o f  t h e  s t r e s s e s  in d u ced  r e v e a l s  t h a t  th e  r e g i o n  o f  
p l a s t i c  f low  i s  c o n s t r a in e d  by a f i e l d  o f  e l a s t i c  s t r e s s ,  so  th e  s t r a i n  
i n  th e  p l a s t i c  r e g io n  i s  com parab le  w i th  t h a t  in  t h e  e l a s t i c  r e g i o n .  The 
s p h e ro id  o f  anomalous r e f r a c t i v e  in d e x  i n d i c a t e s  a r e g io n  o f  co m p ress iv e  
s t r e s s  b e n e a th  th e  i n d e n t e r ,  and th e  r a d i a l  c ra c k s  i n d i c a t e  a sys tem  o f  
t e n s i l e  s t r e s s e s  c i r c u m f e r e n t i a l  t o  th e  i n d e n t e r  i n  t h e  s u r f a c e  and to  
t h e  co m p re ss iv e  r e g i o n  i n  t h e  i n t e r i o r .  The s t r e s s e s  a r e  t h e r e f o r e  
r a d i c a l l y  d i f f e r e n t  from th e  H e r tz ia n  c a se  m entioned  p r e v i o u s l y .  P u t t i c k  
e t  a l  u sed  th e  s p h e r i c a l  c a v i t y  model t o  c h a r a c t e r i s e  th e  s i t u a t i o n ,  
t a k i n g  a c c o u n t  o f  t h e  h y d r o s t a t i c  p r e s s u r e  and r a t e  dependence o f  th e  
f lo w  s t r e s s  o f  PMMA. They a l s o  u sed  th e  model o f  th e  ex p a n s io n  o f  a 
c y l i n d r i c a l  h o le  i n  an i n f i n i t e  p l a t e  ( th e  p la n e  s t r e s s  a n a lo g y  o f  th e  
s p h e r i c a l  c a v i t y )  t o  r e p r e s e n t  t h e  s t r e s s  d i s t r i b u t i o n  i n  th e  s u r f a c e
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I t  h a s  th u s  been p r e d i c t e d  t h a t  f r a c t u r e  w i l l  be i n i t i a t e d  a t  th e  
s u r f a c e  and e x te n d  a d i s t a n c e  beyond th e  p l a s t i c - e l a s t i o  boundary  
governed  by th e  v a lu e  o f  t h e  f r a c t u r e  to u g h n e s s  and th e  ra n g e  o f  th e  
e l a s t i c  s t r e s s  f i e l d .  On p e n e t r a t i o n  i n t o  th e  i n t e r i o r ,  th e  c r a c k  would 
be e x p e c te d  t o  s h o r t e n  somewhat, c o r r e s p o n d in g  t o  th e  d e c re a s e d  r a n g e  o f  
th e  t e n s i l e  s t r e s s  f i e l d ,  and t o  fo l lo w  a p a th  c o n c e n t r i c  w i th  th e  
boundary  o f  th e  p r e s s u r i z e d  c a v i t y ,  i n  t h i s  c a se  t h a t  o f  th e  i n d e n t e r  
u n d e r  lo a d .  The c r a c k  s h o u ld  be asym m etric  w i th  r e s p e c t  t o  t h i s  
b ounda ry , w i th  i t s  t i p  c lo s e  t o  o r  c o in c i d e n t  w i th  th e  s t r e s s  maximum, 
and th e  i n n e r  c r a c k  edge c l o s e r  t o  th e  boundary  th a n  th e  o u t e r  
p e r i p h e r y .  These e x p e c t a t i o n s  a r e  bo rne  o u t  by th e  a p p e a ra n c e  o f  a c t u a l  
i n d e n t a t i o n  f r a c t u r e s ,  b o th  t h o s e  o b se rv e d  b e f o r e  com ple te  f r a c t u r e  and 
th o s e  shown up a f t e r  com p le te  f r a c t u r e .
1 .9 .5  M e t a l l i c  g l a s s e s
One f i n a l  a r e a  which i s  o f  i n c r e a s i n g  im p o r ta n c e  and o f  c o n s id e r a b l e  
i n t e r e s t  i s  t h a t  o f  m e t a l l i c  g l a s s e s .  D avis (1976) h a s  sh o rn  t h a t  t h e r e  
i s  an a p p ro x im a te  c o r r e l a t i o n  betw een t h e i r  Youngs modulus and V ic k e rs  
m ic r o h a r d n e s s ;  and Whang, Po lk  and G ie sse n  (1 9 8 1) have  f u r t h e r  e x p lo re d  
t h e  r e l a t i o n s h i p  betw een  th e  s t r e n g t h  and e l a s t i c  b e h a v io u r  o f  
m e ta l - m e ta l  g l a s s e s  o v e r  a wide ra n g e  o f  H and E to  compare i t  w i th  t h a t  
o f  t h e  m e t a l - m e t a l l o id  g l a s s e s .
S a rg e n t  and Donovan (1 9 8 2 ) ,  however, have  shown t h a t  th e  
i n t e r p r e t a t i o n  o f  m ic ro h a rd n e s s  m easurem ents on m e t a l l i c  g l a s s e s  i s  n o t  
a s  s im p le ,  a s  i t  may a p p e a r .  The e m p i r i c a l  r e l a t i o n s h i p :  r e c o v e re d
h a rd n e s s  = 2 .4  t o  3*4 t im e s  th e  f r a c t u r e  s t r e s s ,  w hich a p p e a r s  t o  h o ld  
f o r  n e a r l y  a l l  m e t a l l i c  g l a s s e s  i s  n o t  in  ag reem ent w i th  th e  a v a i l a b l e  
m odels  o f  i n d e n t a t i o n  m ec h a n ic s ;  w hich i s  a l l  t h e  more s u r p r i s i n g  s in c e  
m e t a l l i c  g l a s s e s  a p p e a r  t o  be i d e a l  homogeneous, i s o t r o p i c ,  
e l a s t i c - p l a s t i c  s o l i d s .  The i n a p p l i c a b i l i t y  o f  th e  e x i s t i n g  m odels o f  
i n d e n t a t i o n  m echan ics  t o  m e t a l l i c  g l a s s e s  i s  a d i r e c t  consequence  o f  
t h e i r  non-volum e c o n s e r v in g  mode o f  d e fo rm a t io n  ( i e  t h e i r  
d e n s i f i a b i l i t y )  s i n c e  t h i s  may i n  c e r t a i n  c i r c u m s ta n c e s  l e a d  t o  s l i p  on 
p l a n e s  which a r e  n o t  th e  p la n e s  o f  maximum r e s o lv e d  s h e a r  s t r e s s .
layers where fracture is initiated.
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2.1 INTRODUCTION
Although s c r a t c h  h a rd n e s s  t e s t i n g  has  been a r e c o g n i s e d  s c i e n t i f i c  
method now f o r  some 150 y e a r s ,  i t  i s  on ly  d u r in g  t h i s  c e n tu r y  t h a t  
i n d e n t a t i o n  h a rd n e s s  t e s t i n g  h a s  been d e v e lo p e d .  However, a s  e a r l y  a s  
t h e  1 9 2 0 's  a  need had a l r e a d y  been e s t a b l i s h e d  f o r  f i n d i n g  th e  
m icroha rd n e s s  o f  a m a t e r i a l ,  a s  i t  had become v e ry  im p o r ta n t  to  have 
d e f i n i t e  in f o r m a t io n  c o n c e rn in g  th e  p h y s i c a l  p r o p e r t i e s  o f  m ic ro sc o p ic  
f o rm a t io n s  o r  c r y s t a l s  o f  bo th  m e ta l s  and a l l o y s .  The h a rd n e s s  o f  a 
m ic ro sc o p ic  p a r t i c l e  can on ly  be d e te rm in e d  by an i n d i v i d u a l  t e s t  t h a t  
a r e a ,  and th e  i n d e n t a t i o n  t e s t s  conduc ted  p r e v i o u s ly  were on ly  c a p a b le  
o f  f i n d i n g  th e  a v e ra g e  h a rd n e s s  v a lu e  ove r  a  m ac roscop ic  a r e a .
I n  t h i s  c h a p t e r ,  t h e  h i s t o r y  o f  m ic ro h a rd n e ss  t e s t i n g  i s  t r a c e d  from 
i t s  i n c e p t i o n  o v e r  f i f t y  y e a r s  ago by c o n s id e r in g  th e  m achines t h a t  were 
d ev e lo p ed  o v e r  a p e r io d  o f  some tw e n ty  y e a r s  d u r in g  th e  1930s and 1940s. 
I t  i s  shown t h a t  m achine d e s ig n  h a s  n o t  changed r a d i c a l l y  i n  th e  p a s t  
t h i r t y  y e a r s ,  b u t  a  b r i e f  s e l e c t i o n  o f  modern id e a s  i s  p r e s e n t e d  and th e  
r e a d e r  i s  r e f e r r e d  t o  Appendix 1 f o r  a  d i s c u s s io n  o f  some p a r t i c u l a r s  o f  
c o m m erc ia l ly  a v a i l a b l e  p o r t a b l e  t e s t e r s  which, a l th o u g h  n o t  a l l  new, a r e  
becoming i n c r e a s i n g l y  i m p o r ta n t .  F i n a l l y ,  a s e c t i o n  i s  devo ted  t o  a 
d i s c u s s i o n  o f  th e  i n d e n t e r s  a v a i l a b l e  f o r  m ic ro h a rd n e ss  t e s t i n g  and i t  
i s  shown t h a t  a l th o u g h  o n ly  two o r  t h r e e  a r e  i n  common use th e y  each
have a d v a n ta g e s  f o r  p a r t i c u l a r  a p p l i c a t i o n s  so t h a t  th e  c h o ic e  o f
c o r r e c t  i n d e n t e r  ty p e  i s  an im p o r ta n t  c r i t e r i o n  when p e rfo rm in g  such  a 
t e s t .
2 .2  MICROHARDNESS -  THE EARLY PROBLEMS
A lthough th e  M ic r o c h a r a c te r  had been d e s ig n e d  by 1919, f u r t h e r
p r o g r e s s  i n  i t s  deve lopm ent and u s e f u l n e s s  a s  a  m ic ro h a rd n e ss  t e s t i n g
machine was h in d e re d  by two m ajor  f a c t o r s ;  f i r s t l y ,  th e  i n a b i l i t y  t o  
g r in d  ha rd  i n d e n t e r  m a t e r i a l s  t o  s t r i n g e n t  t o l e r a n c e s  ( th e  h a r d e s t  in  
th o s e  days b e in g  a r t i f i c i a l  le u c o  s a p p h i r e  -  A l ^ ^ )  and s e c o n d ly ,  th e  
f a c t  t h a t  th e  q u a l i t y  o f  o p t i c a l  m ic ro sc o p e s  was n o t  th e n  good enough to.
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a l lo w  such  s m a l l  i n d e n t a t i o n  d im e n s io n s  t o  be m easured  w i th  s u f f i c i e n t  
a c c u r a c y .  There  were a t  t h a t  t im e  two p r e f e r r e d  sh a p e s  f o r  th e  
s c r a t c h i n g  diam onds: a  p o l i s h e d  cone w i th  a s h a rp  p o i n t  o f  120° in c lu d e d  
a n g l e ,  o r  a  c h i s e l  edge a l s o  w i th  120° a n g le  and a c u t t i n g  a n g le  o f  9 0 ° .  
These two ty p e s  g iv e  r i s e  t o  q u i t e  d i f f e r e n t  form s o f  s c r a t c h ;  th e  
fo rm er  p r e s s e s  th e  removed m a t e r i a l  t o  th e  s i d e s  and c a u s e s  r i d g e s  on 
th e  s u r f a c e  making m easurem ent somewhat d i f f i c u l t ;  t h e  l a t t e r ,  how ever, 
a c t s  l i k e  a c u t t i n g  t o o l  and removes d i s t i n c t  c h ip s  a l lo w in g  th e  g roove  
w id th  t o  be m easured  a c c u r a t e l y .
I t  was n o t  u n t i l  1930, a f t e r  15 y e a r s  o f  e x p e r i m e n t a t i o n ,  t h a t  
diamond p o i n t s  w i th  t h e  r e q u i r e d  d e g re e  o f  a c c u ra c y  were g ro u n d ,  
a l lo w in g  n o t  o n ly  s m a l l  b u t  a l s o  t h i n  specim ens  to  be t e s t e d .  A lso ,  by 
t h i s  t im e  h i g h - q u a l i t y  m ic ro sc o p e s  had become a v a i l a b l e ,  equ ipped  w ith
1 .5  mm a p o c h ro m atic  o i l - im m e r s io n  o b j e c t i v e s .  Such an i n d e n t e r  was 
f i t t e d  to  t h e  M ic r o c h a r a c t e r ,  and a l t h o u g h  th e  t e s t  c o n s i s t e d  o f  draw ing  
t h e  i n d e n t e r  a c r o s s  t h e  s u r f a c e  and m easu r ing  th e  d im e n s io n s  o f  th e  
s c r a t c h ,  Bierbaum was r e l u c t a n t  t o  c a l l  t h i s  a ' s c r a t c h  h a r d n e s s 1 t e s t .  
T h is  was becau se  t h e  c u t t i n g  edge was h e ld  i n  an e l a s t i c  s u p p o r t  and was 
w e ig h te d  w ith  o n ly  t h r e e ,  o r  a t  most n in e  grams n e v e r  p ro d u c in g  a c u t  
d e e p e r  th a n  3 .7  ^m. F u r th e rm o re ,  t h e  s u r f a c e  o f  t h e  t e s t  p i e c e  was 
l u b r i c a t e d  t o  av o id  t e a r i n g  o f  t h e  m a t e r i a l  o r  d i s t u r b i n g  any c r y s t a l  
from i t s  n a t u r a l  l o c a t i o n ;  in d e e d ,  i t  was f o r  t h e s e  r e a s o n s  t h a t  
Bierbaum co in e d  th e  term  'm i c r o h a r d n e s s ' .
2 .3  EARLY MICRO-INDENTATION HARDNESS TESTERS
A lthough  i n  p r i n c i p l e  th e  lo a d  and t h e r e f o r e  t h e  s i z e  o f  th e  
i n d e n t a t i o n  p roduced  by a V ic k e rs  t e s t  cou ld  be red u c e d  i n d e f i n i t e l y ,  
t h e  same c o n s t r a i n t s  o f  i n d e n t e r  a c c u ra c y  h in d e re d  th e  developm ent o f  a 
m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t e r .
2 .3 .1  NPL t e s t e r
The f i r s t  example o f  a m ic ro  i n d e n t a t i o n  h a rd n e s s  t e s t i n g  machine i s  
n o rm a l ly  a t t r i b u t e d  t o  L ips  and Sack (1936) -  s e e  be low . However, a s  
e a r l y  a s  1932 a d e s c r i p t i o n  a p p e a r s  on page 180 o f  th e  N a t io n a l  P h y s ic a l  
L a b o ra to ry  Annual R ep o r t  f o r  t h a t  y e a r  o f  an 'A p p a ra tu s  f o r  Diamond 
Pyramid S t a t i c  H ardness  T e s t  a t  Sm all L oads ' f o r  u se  on m e ta l  c o a t i n g s
and t h i n  s e c t i o n s .  I l l u s t r a t e d  i n  F ig u re  4, i t  c o n s i s t e d  o f  a 136°
diamond pyram id w i th  a  good p o i n t  s u p p o r te d  on f l e x i b l e  s p r i n g s ;  th e
t e s t  p i e c e  r e s t i n g  on a s u i t a b l e  s l i d i n g  b lo c k .  The h e ig h t  o f  th e
s p r i n g s  was a d ju s t e d  so  t h a t  th e  diamond p o i n t  was j u s t  c l e a r  o f  t h e  
t e s t  s u r f a c e ;  th e  cam was th e n  r o t a t e d  so t h a t  th e  diamond was l i f t e d  
and th e  n e c e s s a r y  w e ig h ts  p l a c e d  above i t .  By f u r t h e r  t u r n i n g  th e  cam, 
t h e  lo ad e d  diamond was b ro u g h t  i n t o  c o n t a c t  w i th  th e  t e s t  s u r f a c e  and 
made th e  t e s t  im p r e s s io n .  The diamond was th e n  a g a in  l i f t e d  by th e  oam, 
t h e  hand wheel o f  th e  s l i d i n g '  b lo c k  r o t a t e d  s l i g h t l y  and a second 
im p re s s io n  made. U s u a l ly  s e v e r a l  i n d e n t a t i o n s  were made, f a i r l y  c lo s e  
t o g e t h e r  i n  a s t r a i g h t  l i n e ,  f o l lo w e d  by a s c r a t c h  ( o b ta in e d  by 
c o n t in u o u s  t u r n i n g  o f  t h e  wheel w i th  th e  diamond i n  c o n t a c t  w i th  th e  
specim en) e n a b l in g  t h e  sm a l l  im p r e s s io n s  to  be e a s i l y  l o c a t e d  in  th e  
f i e l d  o f  v iew o f '  a m ic ro sc o p e  f o r  t h e  pu rp o se  o f  m easurem ent. R e s u l t s  
were e x p re s s e d  i n  diamond pyram id (V ic k e rs )  h a rd n e s s  numbers i n  th e
u s u a l  m anner.
The p a r t i c u l a r  sam p les  examined were pu re  r a r e  m e ta l s  and specim ens  
on which c o a t i n g s  o f  r a r e  m e ta l s  (eg  p la t in u m )  had been d e p o s i t e d .  The 
r e s u l t s  gave d e f i n i t e  i n f o r m a t io n  on th e  p r o p e r t i e s  o f  th e  c o a t i n g s  
which i t  had n o t  been p o s s i b l e  t o  o b t a i n  by any o t h e r  form o f  t e s t .  In 
t e s t s  o f  com m ercial chromium p l a t i n g ,  f o r  i n s t a n c e ,  diamond pyram id 
h a rd n e s s  numbers a s  h ig h  a s  1300 were o b t a i n e d .  U n f o r tu n a t e l y ,  no v a lu e s  
a r e  qu o ted  f o r  th e  a c t u a l  lo a d  t r a n s f e r r e d ;  however, s i n c e  th e  o r i g i n a l  
d raw ing  o f  th e  a p p a r a tu s  was t o  s c a l e  i t  i s  p o s s i b l e  t o  c a l c u l a t e  th e  
volume o f  th e  w e ig h ts  i l l u s t r a t e d .  I f  i t  i s  assumed t h a t  t h e s e  were made 
o f  a  dense  m e ta l  such  a s  b r a s s  ( a s  i n  a l l  p r o b a b i l i t y  th e y  were) th e y
would*have had a t o t a l  mass o f  some 250 g .
The f o l lo w in g  y e a r  (1933) th e  a p p a r a tu s  was d ev e lo p ed  and im proved . 
When u s in g  v e ry  s m a l l  lo a d s  i t  was n e c e s s a r y  t o  a p p ly  a c o r r e c t i o n  f o r  
t h e  s t i f f n e s s  o f  t h e  s p r i n g  s u p p o r t .  I t  was l a t e r  found p r a c t i c a b l e  t o  
r e p l a c e  t h e  s p r i n g s  by a v e ry  l i g h t  b a la n c e d  alum inium  l e v e r  t o  one end 
o f  which th e  i n d e n t in g  diamond was a t t a c h e d .  Sm all w e ig h ts  p la c e d  on th e  
l e v e r  im m ed ia te ly  above th e  diamond th u s  c o n s t i t u t e d  t h e  f u l l  t e s t  lo a d  
and no lo a d  c o r r e c t i o n  was th e n  n e c e s s a r y .  O ther m inor im provements were 
a l s o  i n t r o d u c e d  t o  a s s i s t  i n  t h e  e a se  o f  w orking and to  re d u c e  th e
d e g re e  o f  o p e r a t i v e  s k i l l  r e q u i r e d  f o r  s a t i s f a c t o r y  r e s u l t s .
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Fig. 4  A p p a r a t u s  fo r  d i a m o n d  pyram id  s t a t i c  h a r d n e s s  
t e s t  a t  s m a l l  l o a d s
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2.3*2 Lips and Sack
In  1936 L ip s  and Sack w ork ing  i n  th e  P h i l i p s  L a b o ra to ry  deve loped  th e  
f i r s t  w e ll-docum en ted  m ic r o - i n d e n t a t i o n  h a rd n e s s  'm e t e r '  ( s e e  
L ip s ,  1937). In  i t s  i n i t i a l  form t h i s  c o n s i s t e d  o f  a  V ic k e rs  diamond 
f ix e d  in  a p i s t o n ,  c o n ta i n e d ,  b u t  f r e e  t o  move w i th in  a c y l i n d e r .  The 
m ic ro sco p e  tu b e  t o  which th e  c y l i n d e r  was jo in e d  was th e n  screwed down 
so  t h a t  th e  diamond r e s t e d  on th e  specim en under  a lo a d  p ro v id e d  by th e  
w e ig h t  o f  th e  p i s t o n  ( a p p r o x im a te ly  35 g f )  f o r  n o m in a l ly  30 s e c o n d s .  
(T h is  w e ig h t  c o u ld  even be a r b i t r a r i l y  i n c r e a s e d  by r a i s i n g  th e  a i r  
p r e s s u r e  above th e  p i s t o n ) .
In  a s l i g h t l y  l a t e r  v e r s i o n ,  th e  diamond was mounted on a
s p r i n g - lo a d e d  s h a f t  and c o n ta in e d  w i th in  a m ic ro scope  o b j e c t i v e  f i t t i n g .  
The specim en t o  be t e s t e d  was b ro u g h t  i n t o  fo cu s  under  th e  m ic roscope  
o b j e c t i v e  whose p l a c e  was s u b s e q u e n t ly  ta k e n  by th e  h a rd n e s s  m e te r .  The 
m ic ro scope  s t a g e  was th e n  screw ed  to w ard s  th e  diamond u n t i l  th e  s p r in g  
was com pressed by an amount j u s t  s u f f i c i e n t  to  f r e e  a  c o n ta c t  (an 
o p e r a t i o n  r e q u i r i n g  some 20 g f )  i n d i c a t e d  by an e l e c t r i c a l  s i g n a l
a r ra n g e m e n t .  A f te r  a  s u i t a b l e  l e n g t h  o f  t im e  th e  s t a g e  was r e t u r n e d  and 
h a v in g  r e p l a c e d  th e  m ic ro sc o p e  o b j e c t i v e ,  th e  d i a g o n a l s  were m easured a s  
f o r  a c o n v e n t io n a l  V ic k e rs  i n d e n t a t i o n .  With t h i s  d e v ic e  i t  became 
p o s s i b l e  t o  examine th e  s t r u c t u r e  o f  a l l o y s  ( f o r  example i n  th e
t r a n s i t i o n  o f  h a rd n e s s  in  s p o t  w e l d in g ) , to  i d e n t i f y  s t r u c t u r a l  
components o r  even t o  m easure  t h e  h a rd n e s s  o f  v e ry  t h i n  e l e c t r o l y t i c a l l y  
d e p o s i t e d  s u r f a c e  l a y e r s .
A lthough a m i le s to n e  i n  t h e  h i s t o r y  o f  h a rd n e s s  t e s t i n g ,  t h i s  method
s u f f e r e d  from a number o f  d i s a d v a n t a g e s .  F i r s t l y ,  i t  was d i f f i c u l t  to
p o s i t i o n  an i n d e n t a t i o n  a c c u r a t e l y  and s e c o n d ly ,  th e  lo a d  a p p l i c a t i o n  
was v e ry  much o p e r a t o r - d e p e n d e n t .
2 .3*3  The Schopper t e s t e r
C h r o n o lo g ic a l ly ,  th e  n e x t  m i c r o - i n d e n t a t i o n  h a rd n e s s  t e s t e r  was made 
by Louis  Schopper o f  L e ip z ig  and was d e s c r ib e d  l a t e r  i n  a p a p e r  by
DOhmer (1 9 3 9 ) .  The h o u s in g  was ab o u t  th e  same s i z e  and shape  a s  an 
o r d in a r y  m ic ro scope  o b j e c t i v e  l e n s .  I t  c o n ta in e d  a V ic k e rs  diamond which
c o u ld  be lo ad e d  w ith  w e ig h ts  hung on a l e v e r  arm p r o j e c t i n g  from th e
s i d e  o f  th e  h o u s in g  used  t o  su p p ly  a f o r c e  between 50 g f  and 500 g f  i n  
s t e p s  o f  50 g f .  The d e v ic e  was s e c u re d  i n t o  th e  r e v o lv in g  t u r r e t  o f  a
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m icro sco p e  and was o p e r a t e d  by making a d ju s tm e n t s  on th e  c o a r s e  f e e d ,  
th e  diamond t i p  p r o j e c t i n g  v e ry  s l i g h t l y  from th e  h o u s in g .  Once an 
i n d e n t a t i o n  had been made and th e  a p p a r a tu s  w i th d raw n , an o b j e c t i v e  
c o u ld  be swung i n t o  p o s i t i o n  and th e  i n d e n t a t i o n  m easu red . The 
m a g n i f i c a t i o n  u sed  was g e n e r a l l y  x200 t o  x300, o r  f o r  v e ry  sm a l l  
im p r e s s i o n s ,  x400 t o  x500. In  o r d e r  t o  be a b le  t o  pe rfo rm  a l a r g e  number 
o f  m easu rem en ts ,  th e  m ic ro sco p e  was f i t t e d  w ith  a  m ec h a n ic a l  s t a g e .  In  
t h i s  way a l a r g e  number o f  i n d e n t a t i o n s  c o u ld  be p roduced  and m easured 
c o n s e c u t iv e l y  by in d e x in g  round th e  m ec h a n ic a l  s t a g e  on which th e  
specim en  had been p l a c e d ,  w i th  t h e  p re -d e te r ra in e d  s e t t i n g s  o f  th e  
m ec h a n ic a l  s t a g e  p r e v e n t in g  a l l  p rob lem s a s s o c i a t e d  w i th  f i n d i n g  th e  
im p r e s s io n s  a g a in .
2 .3 * ^  The S p o r k e r t  t e s t e r
In  1938, C. S p o r k e r t  o f  C a r l  Z e i s s  Jena  d e s c r ib e d  th e  c o n s t r u c t i o n  
and u s e  o f  th e  ’D i r i t e s t 1 m ic ro h a rd n e ss  t e s t e r .  The lo a d in g  d e v ic e  
c o n s i s t e d  o f  a  c o u n te r b a l a n c e d  arm (w i th  th e  diamond i n d e n t e r  a t  one 
end) a lo n g  which a s l i d i n g  w e ig h t  c o u ld  be moved to  p r o v id e  lo a d s  
betw een 0 and 1 g f .  For  h i g h e r  lo a d s  (up t o  200 g f )  w e ig h ts  were p la c e d  
i n  a pan which was sp r in g -m o u n te d  above th e  i n d e n t e r .  A bubb le  l e v e l  was 
u sed  t o  i n d i c a t e  t h e  e q u i l i b r i u m  p o s i t i o n  o f  t h e  arm and a s to p  
p re v e n te d  i t  from d ro p p in g  when unde r  l o a d ,  s e r v i n g  a l s o  a s  an 
e l e c t r i c a l  c o n ta c t  t o  i n d i c a t e  lo a d  t r a n s f e r e n c e .  The lo a d in g  d e v ic e  
c o u ld  be swung th ro u g h  90°  to  b r in g  a m ic ro scope  i n t o  p o s i t i o n  above th e  
i n d e n t a t i o n ,  th e  o v e r a l l  m a g n i f i c a t i o n  be ing  x650 -  p a r t i c u l a r l y  h ig h  
f o r  th e s e  e a r l y  days -  w i th  each  g r a d u a t io n  on an e y e p ie c e  sc rew  
m ic ro m e te r  c o r r e s p o n d in g  t o  0 .2  p a .  By u s in g  a d i f f e r e n t  i n d e n t e r ,  t h i s  
machine co u ld  be used  e i t h e r  a s  a s c r a t c h  o r  a s  a m i c r o - i n d e n t a t i o n  
h a rd n e s s  t e s t e r .  In  t h e  l a t t e r  o a s e ,  th e  lo ad e d  b a la n c e  arm was low ered  
u s in g  th e  m ic ro sco p e  f i n e  fo c u s  c o n t r o l  u n t i l  t h e  i n d e n t e r  made c o n t a c t  
w i th  th e  specim en s u r f a c e  and th e  arm s e p a r a te d  from th e  s t o p .  Not o n ly  
was t h i s  a  w e l l - d e s ig n e d  p i e c e  o f  equ ipm en t,  b u t  th e  a u th o r  a l s o  
d e m o n s t ra te d  a r e a l i s t i c  a t t i t u d e  t o  th e  l a r g e  u n c e r t a i n t i e s  i n h e r e n t  i n  
su ch  a t e s t  and th e  l i m i t a t i o n s  o f  h i s  i n s t r u m e n t .
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2.3*5 Frederick Knoop and the Tukon tester
Not long  a f t e r ,  Knoop, P e t e r s  and Emerson (1939) p u b l i s h e d  t h e i r  
famous work pe rfo rm ed  u s in g  a ( p r o t o ty p e )  Tukon T e s t e r .  T h is  c o n s i s t e d  
o f  a c o u n te r b a la n c e d  beam s u p p o r te d  by an i n s u l a t e d  c o n t a c t  and a 
fu lc ru m  k n i f e  e d g e .  An i n d e n t e r  was a t t a c h e d  a t  one end o f  th e  beam and 
a w e ig h t  c a r r i e r  was su spended  from a k n i f e  edge midway betw een th e  
i n d e n t e r  and th e  fu lc ru m  k n i f e  ed g e .  The specim en was p la c e d  on a t a b l e  
c a r r i e d  by an  e l e v a t i n g  sc rew  which was d r iv e n  by a r e v e r s i b l e  m otor and 
worm g e a r .  To i n d e n t  th e  sp ec im en ,  th e  t a b l e  was d r iv e n  upwards a t  a 
speed  o f  some 300 jim/s u n t i l  i t  met th e  i n d e n t e r  and l i f t e d  t h e  lo a d e d  
beam f r e e  o f  t h e  i n s u l a t e d  c o n t a c t  s u p p o r t .  A f t e r  a  t im ed  i n t e r v a l  ( o f  
20 seconds)  a  l i f t i n g  f o r k  a u t o m a t i c a l l y  l i f t e d  th e  beam and i n d e n t e r  
f r e e  o f  th e  specim en  w h i le  t h e  e l e v a t i n g  screw  m otor low ered  th e  
sp ec im en .  The beam was th e n  r e t u r n e d  t o  i t s  i n s u l a t e d  s u p p o r t  to  
com p le te  th e  c y c l e .  A s e t  o f  w e ig h ts  p ro v id e d  a lo a d  r a n g e  o f  100 g f  t o  
3600 g f .  T h is  c o u ld  be red u c e d  t o  25 g f  by h ang ing  c o u n te r b a la n c e  
w e ig h ts  on th e  o p p o s i t e  s i d e  o f  t h e  fu lc rum  k n i f e  edge to  th e  i n d e n t e r .
In  a  l a t e r  com m erc ia l  v e r s i o n  o f  th e  r e s e a r c h  a p p a r a t u s , a  s o le n o id  
d e v ic e  was i n c o r p o r a t e d  to  e x e r t  a sm a l l  upwards f o r c e  on th e  beam ( i n  
th e  o p p o s i t e  d i r e c t i o n  t o  t h e  lo a d )  t o  c o u n t e r a c t  th e  e f f e c t s  o f  
i n e r t i a .  A lso ,  t h e  minimum w ork ing  lo a d  was reduced  to  5 g f .  T a te  (1945) 
r e p o r t s  t h a t  i n  t h i s  a p p a r a tu s  t h e  lo a d  t r a n s f e r r e d  was a c c u r a t e  to
0.32* U n f o r tu n a t e l y ,  i n i t i a l l y  t h i s  Tukon T e s te r  was s im p ly  an in d e n t in g  
machine and n o t  a  m easu r in g  d e v ic e .  T h e r e f o r e ,  s p e c i a l  s t a g e s  had t o  be 
c o n s t r u c t e d  a l lo w in g  a specim en  t o  be t r a n s f e r r e d  betw een th e  t e s t e r  and 
th e  m ic ro sc o p e .  V ar ious  a u t h o r s  c la im e d  t h a t  w i th  a w ell-m ade  d e v ic e ,  
s p o t t i n g  a c c u ra c y  -of 10 jam co u ld  be a c h ie v e d .
2 .3*6  The Hanemann and B e rn h a rd t  t e s t e r
I n . o r d e r  t o  a v o id  th e  l i m i t a t i o n s  imposed by th e  a c o u ra c y  w ith  which 
an i n d e n t a t i o n  c o u ld  be l o c a t e d ,  Hanemann and B e rn h a rd t  (1940) working 
f o r  C a r l  Z e i s s  Jen a  d ev e lo p ed  a t o t a l l y  new t e s t e r .  T h is  c o n s i s t e d  o f  a 
s m a l l  V ic k e rs  i n d e n t e r  cem ented t o  a f l a t  g l a s s  f r o n t  o b j e c t i v e  l e n s .  
The f o c a l  l e n g t h  and n u m e r ic a l  a p e r t u r e  were chosen  so t h a t  t h i s  d id  n o t  
undu ly  l i m i t  th e  f i e l d  o f  v iew . The o b j e c t i v e  l e n s  was suspended  between 
two p a r a l l e l  f l a t  s p r i n g  d i s c s  e n s u r in g  f r i c t i o n l e s s  m o tio n .  As th e  
f o c u s in g  u n i t  was ra c k e d  down, t h e  s p r i n g  movement was t r a n s m i t t e d  t o  a 
s c a l e  which c o u ld  be viewed s im u l ta n e o u s ly  th ro u g h  th e  m ic roscope
-  43 -
e y e p ie c e .  The movement o f  t h i s  s c a l e  was ro u g h ly  p r o p o r t i o n a l  t o  th e  
a p p l i e d  lo a d  and c o u ld  be a c c u r a t e l y  a s c e r t a i n e d  once a c a l i b r a t i o n  
c u rv e  had been c o n s t r u c t e d .  Any lo a d  between 0 .2  g f  and 100 g f  co u ld  be 
a p p l i e d .  Once th e  lo a d  had been removed by r a c k in g  back th e  m ic roscope  
and r e f o c u s in g  th e  i n d e n t a t i o n ,  t h i s  l a t t e r  cou ld  be m easured u s in g  an 
e y e p ie c e  m ic ro m e te r .  Fo r  m easurem ent a s p e c i a l  o c u la r  was d e v e lo p e d ,  
c o n s i s t i n g  o f  two a d v e r s e ly  moved g ra d u a te d  g l a s s  p l a t e s  w i th  a n g le  
marks so  a r r a n g e d  t h a t  a  s q u a re  c o r r e s p o n d in g  t o  th e  s i z e  o f  th e  
i n d e n t a t i o n  co u ld  be form ed.
T h is  a p p a ra tu s  was l a t e r  m o d if ie d  t o  use  an o i l - im m e r s io n  o b j e c t i v e  
w i th  much h ig h e r  n u m e r ic a l  a p e r t u r e .  Loads o f  up t o  500 g f  cou ld  th e n  be 
t r a n s m i t t e d  s in c e  t h e  f r o n t  l e n s  was a c t u a l l y  i n  c o n t a c t  w i th  th e  second  
l e n s  a t  i t s  c e n t r e .
2 .3 .7  The Eberbach  t e s t e r
The Eberbach  t e s t e r ,  which d a t e s  from th e  e a r l y  1940s ( se e  S t e i n i t z ,  
1943), was no more th a n  an im proved v e r s i o n  o f  th e  L ips  and Sack t e s t e r  
p r e v i o u s ly  d e s c r i b e d .  I t  f i t t e d  i n t o  th e  m ic roscope  o b j e c t i v e  h o ld e r  
w i th  t h e  i n d e n t e r  moving a x i a l l y  i n  a b e a r in g .  The lo a d  was a p p l i e d  by 
u s in g  th e  f i n e  fo cu s  c o n t r o l  to  low er  ( o r  i n  th e  c a se  o f  an i n v e r t e d  
m ic ro sc o p e ,  t o  r a i s e )  t h e  i n d e n t e r  a g a i n s t  a s p r i n g .  When a lo ad  
s u f f i c i e n t  t o  overcome th e  s p r i n g  f o r c e  was a p p l i e d ,  an e l e c t r i c a l  
c o n t a c t  was b roken  s w i tc h in g  o f f  an i n d i c a t o r  lamp. T h is  lo a d  c o u ld  be 
betw een 26 g f  and 835 g f ,  o r  betw een 7 .5  g f  and 817 g f  i f  used  on an 
i n v e r t e d  m ic ro sc o p e ,  depend ing  on th e  s p r i n g ,  which had t o  be f r e q u e n t l y  
c a l i b r a t e d .  In d e e d ,  t h i s  was no r e a l  improvement on th e  L ips  and Sack 
a p p a r a tu s .  Loading e r r o r s  a s  r e p o r t e d  by Tate  were a t  b e s t  1% and 
f r e q u e n t l y  a few p e r c e n t .
One s i g n i f i c a n t  e v e n t  from a b o u t  t h i s  t im e  was th e  developm ent by 
Woxen (1944) o f  a m achine f o r  t e s t i n g  m ic ro h a rd n e ss  by m easurement o f  
t h e  i n d e n t a t i o n  d e p th .  A lthough  s i m i l a r  to  o t h e r  m achines o f  t h i s  
p e r i o d ,  i t  d id  p o s s e s s  c e r t a i n  d e s ig n  f e a t u r e s  which s e t  i t  a p a r t .  For 
t h i s  r e a s o n  i t  i s  d i s c u s s e d  i n  d e t a i l  a t  a  l a t e r  s t a g e  ( se e  
S e c t io n  8 . 5 ) .
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2 .3 .8  The Bergsman t e s t e r
In  1944, E. B o r je  Bergsman d e s c r ib e d  a s t a t i c  i n d e n t a t i o n  t e s t e r  f o r  
u se  w ith  an i n v e r t e d  m ic ro sc o p e .  In  th e  f i r s t  v e r s i o n ,  th e  sample was 
f i x e d  i n  a v e r t i c a l l y  movable h o ld e r  gu ided  by t h r e e  p i n s .  Th is  was 
p la c e d  on th e  m ic ro sco p e  s t a g e  which was th en  screw ed down v e ry  s lo w ly  
u n t i l  t h e  sam ple and i t s  h o ld e r  were j u s t  r a i s e d  by th e  i n d e n t e r  which 
had ta k e n  th e  p la c e  o f  th e  m ic ro sco p e  o b j e c t i v e .  A f t e r  30 s e c o n d s ,  th e  
s t a g e  was c a r e f u l l y  screw ed up a g a in ,  th e  o b j e c t i v e  r e p la c e d  and th e  
i n d e n t a t i o n  m easu red . The lo a d s  used  were 50, 100, 200 and 500 g f ,  b u t  
l o a d s  as  sm a l l  a s  10 g f  c o u ld  be a c h ie v e d  by u se  o f  a  l e v e r  arm to  
c o u n te r b a la n c e  some p a r t  o f  t h e  sample h o ld e r  w e ig h t .
In  h i s  improved v e r s i o n ,  th e  sam ple h o ld e r  was r i g i d l y  co n n e c te d  to  a 
p iv o te d  l e v e r .  The t e s t  lo a d  was a p p l i e d  by p l a c in g  w e ig h ts  on to p  o f  
th e  sample h o ld e r  ( o r  t o  re d u c e  t h i s  b a s ic  w e igh t  th e  l e v e r  c o u ld  be 
c o u n t e r b a l a n c e d ) , when th e  diamond p o i n t  r a i s e d  th e  sam ple b re a k in g  an 
e l e c t r i c  c i r c u i t  and e x t i n g u i s h i n g  a lamp. S ince  s l id in g -  f r i c t i o n  
a g a i n s t  g u id in g  p in s  was rem oved, th e  lo a d  ran g e  o f  t h i s  in s t r u m e n t  was 
s a i d  t o  be from 1 g f  t o  200 g f .  I t  was a l s o  d e s ig n e d  t o  be used  a s  a 
s c r a t c h  t e s t e r .  I t  was recommended t h a t  th e  lo a d in g  r a t e  sh o u ld  be ab o u t  
1 mm/min (16 jim/s) b u t  t h i s  was v e ry  o b s e rv e r  d e p e n d e n t .  The c h i e f  
d i s a d v a n ta g e  o f  t h i s  d e v ic e  was t h a t  th e  l e v e r  arm had t o  be re b a la n c e d  
f o r  each  specim en . However, i t  i s  a  t r i b u t e  t o  th e  d e s ig n  t h a t  n e a r l y  
20 y e a r s  l a t e r  Svahn and Wingard (1962 /63 )  used a ( s l i g h t l y  m o d if ie d )  
Bergsman m ic ro h a rd n e ss  t e s t e r  i n  o r d e r  t o  t r a n s f e r  lo a d s  o f  1 .5  g f  to
0 .1  g f  a c c u r a t e l y .
2 .3 .9  The R e ic h e r t  t e s t e r
1947 saw th e  a p p e a ra n c e  o f  th e  R e ic h e r t  t e s t e r  f o r  u se  on t h e i r  MeF 
U n iv e r s a l  Camera m ic ro sc o p e .  H ere , th e  i n d e n t e r  was mounted on th e  rim  
o f  t h e  o b j e c t i v e ,  im m ed ia te ly  a d j a c e n t  t o  th e  f r o n t  l e n s ,  a  l e v e r  be ing  
p ro v id e d  to  a l lo w  th e  one t o  ta k e  th e  p l a c e  o f  th e  o t h e r .  As w ith  o t h e r  
d e v ic e s ,  t h e  i n d e n t e r  was f o r c e d  i n t o  th e  specim en by use  o f  th e  f i n e  
f o c u s in g  sc re w , b u t  i n  t h i s  i n s t r u m e n t ,  th e  f o r c e  e x e r t e d  was d e te rm in e d  
by a t o r s i o n  b a la n c e  a rra n g e m e n t  which a llow ed  th e  a p p l i e d  lo ad  to  be 
r e a d  on a s c a l e  viewed th ro u g h  th e  m ic roscope  e y e p ie c e .  The t o r s i o n  
b a la n c e  c o n s i s t e d  o f  two t o r s i o n  b a r s ,  one above th e  o th e r  s u p p o r te d  by 
a c a r r i e r .  Each c a r r i e d  a f o r k  on which th e  i n d e n t e r  (and o b j e c t i v e )  was 
f i t t e d  between two l e a f  s p r i n g s .  The m easu r ing  e y e p ie c e  c o n ta in e d  two
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r i g h t  a n g le  w i r e s  which c o u ld  be moved a p a r t  to  form a s q u a re  o f  th e  
same s i z e  a s  th e  i n d e n t a t i o n .  The o p t i c a l  q u a l i t y  o f  t h i s  m ic ro scope  was 
c o n s id e r a b l y  b e t t e r  th a n  most o f  i t s  p r e d e c e s s o r s ,  and i t  was c la im ed  
t h a t  i n d e n t a t i o n s  c o u ld  be m easured  t o  + .0 .5  jam when u s in g  th e  0 .9  NA 
m easu r ing  o b j e c t i v e .  F u r th e rm o re ,  t h e  lo a d in g  a rra n g e m e n t  was v e ry  
a c c u r a t e .
2 .3 .1 0  The BNFMRA t e s t e r
Lloyd and J e f f r e y  (1947) d e s ig n e d  a t e s t e r  which bore  c o n s id e r a b l e  
resem b lance  t o  t h e  o r i g i n a l  L ips  and Sack a p p a r a tu s .  T h is  was l a t e r  
m o d if ie d  by Perryman o f  t h e  B r i t i s h  N on-Ferrous M eta ls  R esea rch  
A s s o c ia t io n  and became known a s  th e  BNFMRA t e s t e r .  The diamond i n d e n t e r  
was screw ed i n t o  a s t e e l  p lu n g e r  which c a r r i e d  a s i l v e r  p l a t e d  washer 
fo rm ing  one e l e c t r i c a l  c o n t a c t ,  t h e  o t h e r  be ing  a s i l v e r  p l a t e d  o u te r  
c o v e r .  YJhen th e  i n d e n t e r  was n o t  i n  c o n ta c t  w i th  th e  specim en , t h e s e  
were t o u c h in g ,  c o m p le t in g  a c i r c u i t  and c a u s in g  a bu lb  to  l i g h t .  On 
t r a n s f e r r i n g  th e  l o a d ,  how ever, th e y  s e p a r a te d  and e x t in g u i s h e d  th e  
l i g h t .  T h is  was, i n  f a c t ,  a  deadw eigh t a p p a r a tu s ,  th e  minimum load  b e in g  
th e  w e ig h t  o f  t h e  i n d e n t e r  head and p lu n g e r  ( a p p ro x im a te ly  17 g f )  which 
c o u ld  be i n c r e a s e d  by p l a c i n g  w e ig h ts  on top  o f  th e  p lu n g e r .
2 .3 .1 1  Two o t h e r  im p o r ta n t  t e s t i n g  m achines
In  1948, T a y lo r  d e s c r ib e d  a h a rd n e s s  t e s t i n g  a t ta c h m e n t  m anu fac tu red  
by Cooke, T roughton  and Simms f o r  use  w ith  a  V ic k e rs  p r o j e c t i o n  
m ic ro sc o p e .  T h is  bo re  some re m a rk a b le  s i m i l a r i t i e s  t o  B ergsm an 's  t e s t e r  
i n  t h a t  th e  specim en was h e ld  i n  a  chuck a t  th e  end o f  a beam 
c o u n te r b a la n c e d  by w e ig h t s .  The lo ad  t o  be a p p l i e d  was p lac e d  d i r e c t l y  
on to p  o f  t h e  specim en h o ld e r  and th e  i n d e n t e r  was r a i s e d  u s in g  th e  f i n e  
f o c u s in g  sc rew , th e  i n s t a n t  o f  c o n ta c t  be ing  i n d i c a t e d  by a b rea k  in  an 
e l e c t r i c a l  c i r c u i t .  The o n ly  s u b s t a n t i a l  d i f f e r e n c e  was t h a t  th e  
i n d e n t e r  was embedded i n  th e  f r o n t  o b j e c t i v e  l e n s ,  so c e n t r i n g  th e  
i n d e n t a t i o n  was no p rob lem . The lo a d  ran g e  was s t a t e d  to  be 1 g f  t o  
500 g f ,  bu t  i t  was c la im e d  t h a t  th e  beam p iv o t  b e a r in g s  were p r e s e t  so 
t h a t  t h e  s e n s i t i v i t y  o f  th e  b a la n c e  sh o u ld  be 50 mg t o  100 mg, a l lo w in g  
lo a d s  even s m a l le r  th a n  1 g f  t o  be a p p l i e d .
Townend (1949) d e s c r ib e d  a t e s t e r  i n  which th e  lo a d  was a p p l i e d
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th ro u g h  two. b e r y l l iu m  b ronze  c o r r u g a te d  d iaphragm s which a l s o  
c o n s t r a in e d  th e  i n d e n t e r  t o  v e r t i c a l  m o tio n . The lo ad  was changed by 
v a ry in g  th e  d i s t a n c e  betw een two e l e c t r i c a l  c o n t a c t s  which came t o g e t h e r  
t o  i l l u m i n a t e  a  lamp when th e  f u l l  lo a d  was t r a n s f e r r e d .  I f  c a l i b r a t e d ,  
t h i s  a rrangem en t was s a i d  t o  p o s s e s s  a lo a d in g  a c c u ra c y  o f  + 0 . 0 5  g f  
below 100 g f  and o n ly  s l i g h t l y  more up t o  th e  maximum l e v e l  o f  300 g f .
2 .3*12  The Durimet t e s t e r
The Durimet t e s t e r  ( in t r o d u c e d  in  1950 and s t i l l  m arke ted  v i r t u a l l y  
unchanged a s  th e  L e i t z  M in iload  t e s t e r )  was p ro b a b ly  th e  f i r s t  g e n u in e ly  
s e l f - c o n t a i n e d  b e n c h - ty p e  in s t r u m e n t  i n  which th e  i n d e n t in g  mechanism, 
l o c a t i n g  and m easu r ing  o b j e c t i v e s  a r e  a l l  h e ld  on one r o t a t i n g  p l a t e .  I t  
i s  p a r t i c u l a r l y  n o te w o r th y  f o r  th e  f a c t  t h a t  ( l i k e  t h e  t e s t e r  d e s c r ib e d  
by Lloyd and N o r r is  i n  1951) th e  r a t e  o f  i n d e n t e r  d e s c e n t  i s  c o n t r o l l e d  
by an o i l  d a sh p o t  and t h a t  th e  beam c a r r y in g  th e  i n d e n t e r  i s  low ered  by 
a r o t a t i n g  cam mechanism. I t  i s  i l l u s t r a t e d  in  F ig u re  5 and th e  
i n d e n t in g  mechanism d ia g r a m m a t ic a l ly  i n  F ig u re  6.
The i n d e n t e r  i s  mounted i n  t h e  end o f  a s h o r t  l e v e r  arm w ith  a s t e e l  
p i v o t ,  whose two p o in te d  ends r e s t  on p o l i s h e d  s i n t e r e d  c a r b id e  p l a t e s  
g iv in g  p o i n t  c o n t a c t  and an a lm o s t  f r i c t i o n l e s s  b e a r i n g .  The i n d e n t e r  
i t s e l f  i s  f l e x i b l y  mounted i n  i t s  h o u s in g  w ith  s t e e l  w ire  s p r i n g s  to  
c o u n te r a c t  any l a t e r a l  movement on c o n ta c t i n g  th e  specim en . The l e v e r  
arm i s  caused  t o  descend  by s p r i n g  p r e s s u r e  a c t i n g  th ro u g h  a cam shaft  
and an i n t e r m e d ia t e  l e v e r .  I t  i s  r a i s e d  by tu r n i n g  a k n u r le d  knob which 
a l s o  s e r v e s  t o  p r e t e n s i o n  th e  s p r i n g  ( t h i s  i s  r e l e a s e d  to  commence th e  
i n d e n t a t i o n  p r o c e s s  by means o f  a Bowden c a b l e ) , th e  r a t e  o f  d e s c e n t  
b e in g  c o n t r o l l e d  by an o i l  d a s h p o t .  Once th e  f u l l  lo ad  i s  a p p l i e d ,  t h e r e  
i s  no lo n g e r  any p r e s s u r e  from th e  s p r in g  and a lo c k  p r e v e n t s  s idew ays 
d i sp la c e m e n t  o f  th e  diamond. The i n d e n t e r  i s  th e n  a llo w e d  t o  r e s t  i n  th e  
t e s t  s u r f a c e  f o r  10 se co n d s  b e f o r e  b e in g  w ithdraw n. Mounted on th e  same 
r o t a t i n g  p l a t e  a s  th e  i n d e n t in g  mechanism a r e  two o b j e c t i v e s ,  a low 
power one f o r  exam ining  a l a r g e  a r e a  o f  th e  b lo c k  s u r f a c e  p r i o r  to  
i n d e n t a t i o n  and a h ig h e r  powered one (x50, 0 .5  NA) f o r  measurement u s in g  
th e  m ic rom ete r  e y e p ie c e .  The s e t t i n g  s c a l e  in  th e  c e n t r e  o f  th e  e y e p ie c e  
i s  d iv id e d  i n t o  20 jim i n t e r v a l s  and i n t e r m e d ia t e  v a lu e s  a r e  m easured by 
d i s p l a c i n g  th e s e  d i v i s i o n s  a g a i n s t  a se co n d a ry  s c a l e  o f  u n i t  0 .5  i^m 
which i t  i s  c la im ed  can be i n t e r p o l a t e d  to  0 .1  jim.
- 47 -
F ig .  5 T h e  L e i t z  M i n i l o a d  II m i c r o h a r d n e s s t e s t e r
15 14 13
— F \ 7 8 9
1. C a b l e  r e l e a s e
2. W e i g h t
3. P r o t e c t i v e  m o u n t
4 .  S t e e l  w i r e s
5. I n d e n t e r
6. O b j e c t
7. D ia m o n d  h o l d e r
8. Lever
9. L ever  a x i s
10. Oil d a m p e r
11. Cam f o l l o w e r
12. F l e x i b l e  s h a f t
13. C a m  s h a f t
14.  C a m
15. Coil  s p r i n g
F ig .  6 L e i t z  m i n i l o a d  31 i n d e n t i n g  m e c h a n i s m
A lthough th e  e a r l y  m ach ines  p r e v i o u s ly  d e s c r ib e d  were l a r g e l y  
d ev e lo p ed  f o r  com m ercial a p p l i c a t i o n s  and t h e r e f o r e  r e p r e s e n t e d  
som eth ing  o f  a compromise betw een t h e o r e t i c a l  t e c h n i c a l  p e r f e c t i o n  and 
r o b u s t  everyday  u s e f u l n e s s ,  t h e r e  were a l s o  b e in g  c o n s t r u c t e d  
r e s e a r c h - t y p e  m ach ines  s p e c i a l l y  d e s ig n e d  t o  overcome s p e c i f i c  p rob lem s 
such  a s  a c c u r a t e  p o s i t i o n i n g  o f  t h e  i n d e n t a t i o n .  Cam pbell, Henderson and 
Donleavy (1 9 4 8 ) ,  f o r  i n s t a n c e ,  d e s ig n e d  t h e i r  a p p a r a tu s  t o  combat 
l o a d in g  e r r o r s  a s  a r e s u l t  o f  f r i c t i o n  and i n e r t i a .
2 .4  INDENTERS USED FOR MICROHARDNESS TESTING
As m entioned  p r e v i o u s l y ,  th e  g e o m e t r i c a l  form o f  t h e  V ic k e rs  i n d e n t e r  
had a s t r o n g  i n f l u e n c e  on th e  speed  a t  which m ic ro h a rd n e ss  t e s t i n g  
d e ve loped  a s  a  s u b j e c t .  No so o n e r  had th e  p rob lem s o f  i t s  a c c u r a t e
\
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m an u fa c tu re  been overcome th a n  o t h e r  shapes  were b e in g  p ro p o se d ,  i n  
p a r t i c u l a r  th e  Knoop i n d e n t e r .  I t  i s  t h e r e f o r e  w o r th w h ile  to  c o n s id e r  
t h e  g e o m e t r i c a l  p a ra m e te r s  o f  some o f  th e  more common i n d e n t e r  t y p e s ,  
t o g e t h e r  w i th  a  d i s c u s s i o n  o f  t h e i r  r e l a t i v e  m e r i t s  and u s e f u l n e s s  i n  
m ic ro h a rd n e ss  t e s t i n g  to d a y .  Diagrams i l l u s t r a t i n g  a few o f  th e  most 
common i n d e n t e r  forms a r e  shown in  F ig u re  7 .
2 .4 .1  The V ic k e rs  i n d e n t e r
The most im p o r ta n t  form o f  i n d e n t e r  used i n  th e  UK i s  th e  V ic k e rs  
i n d e n t e r .  Developed by Smith and Sand land  (1925) and made o f  diamond, 
i t s  g e o m e t r i c a l  form i s  t h a t  o f  a s q u a re -b a s e d  py ram id . Th is  form was 
chosen  f o r  t h r e e  main r e a s o n s :
1. That t h e  s u r f a c e  im p re s s io n  o b ta in e d  would be e x tre m e ly  w e l l  
d e f in e d ,  and b e in g  sq u a re  co u ld  be m easured w ith  v e ry  g r e a t  
a c c u ra c y  a c r o s s  th e  d ia g o n a l  c o r n e r s .
2. That th e  im p r e s s io n s  p roduced  would be g e o m e t r i c a l l y  i d e n t i c a l ,  
i r r e s p e c t i v e  o f  s i z e .
3. That th e  d e fo rm a t io n  o f  t h e  i n d e n t e r  would be p r a c t i c a l l y  n i l ,  
owing t o  i t s  enormous h a r d n e s s ,  a s  compared w ith  th e  h a r d e s t  o f  
s t e e l s .
Due t o  th e  p r i n c i p l e  o f  g e o m e t r i c a l  s i m i l a r i t y ,  th e  h a rd n e s s  numbers 
o b ta in e d  u s in g  a g iv e n  pyram id sh o u ld  be c o n s t a n t  i r r e s p e c t i v e  o f  th e  
lo a d  a p p l i e d  ( a l th o u g h  n a t u r a l l y  d i f f e r e n t  f o r  pyram ids o f  d i f f e r e n t  
apex a n g l e ) .  A f te r  e x t e n s i v e  r e s e a r c h  u s in g  a number o f  pyram ids o f  
d i f f e r e n t  a n g le ,  Smith and Sand land  d e c id e d  t h a t  th e  most s u i t a b l e  form 
would be t o  have  an in c lu d e d  f a c e  a n g le  o f  136°. A v e ry  o b tu se  a n g le  was 
r e q u i r e d  s in c e  i t  would be l e s s  s u s c e p t i b l e  to  damage and l e s s  prone  t o  
p ro d u c in g  b u lg e s  i n  t h e  m a t e r i a l  a round  th e  i n d e n t e r .  The p a r t i c u l a r  
v a lu e  o f  136°, how ever, was chosen  s in c e  t h i s  would y i e l d  an i n d e n t a t i o n  
o f  t h e  same w id th  a s  t h a t  p roduced  by a B r i n e l l  b a l l  i n d e n t in g  t o  3/8 o f  
i t s  d ia m e te r  ( h a l f  way betw een th e  0 .25  d and 0 .5  d l i m i t s  recommended 
f o r  such  a t e s t ) .  The r e s u l t i n g  V ic k e rs  h a rd n e s s  v a lu e  i s  th u s  o f t e n  
p r a c t i c a l l y  i d e n t i c a l  w i th  t h e  B r i n e l l  f i g u r e  ( a t  l e a s t  f o r  low lo a d s  
when th e  b a l l  does n o t  de fo rm );  in d e e d ,  B r i t i s h  S ta n d a rd  860 (1967)
'T a b le s  f o r  com parison  o f  h a rd n e s s  s c a l e s '  a l lo w s  c o n v e rs io n  o f  HV to  HB 
by a m u l t i p l i c a t i o n  f a c t o r  o f  0 .9 5 .
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The Knoop i n d e n t e r ,  dev e lo p ed  by Knoop, P e t e r s  and Emerson (1939) i s  
p ro b a b ly  th e  second most w id e ly  u se d .  The re a s o n  f o r  p ro d u c in g  a rhombic 
based  in d e n t e r  were t h r e e f o l d .  F i r s t l y ,  i t  was c o n s id e r e d  t h a t  t h e r e  
would be n e g l i g i b l e  r e c o v e r y  o f  t h e  a c u te  ends o f  th e  i n d e n t a t i o n  so 
u n re c o v e re d  i n d e n t a t i o n  v a lu e s  co u ld  be c a l c u l a t e d  (a s  opposed to  a 
V ic k e rs  i n d e n t a t i o n  where each  c o rn e r  would ten d  t o  r e c o v e r  by th e  same 
amount and s t i l l  l e a v e  a s q u a re  i n d e n t a t i o n ) .  S eco n d ly ,  g l a s s e s  and
o t h e r  b r i t t l e  m a t e r i a l s  c o u ld  be t e s t e d  ( th e s e  would c ra c k  i f  t e s t e d  
w i th  a V ick e rs  i n d e n t e r )  a s  co u ld  v e ry  t h i n  sp e c im en s ,  s i n c e  th e  d e p th  
o f  a  Knoop i n d e n t a t i o n  i s  c o n s id e r a b l y  l e s s  th an  a V ic k e rs  i n d e n t a t i o n  
under  th e  same lo a d .  T h i r d l y ,  e l a s t i c  r e c o v e ry  co u ld  be s tu d i e d  by 
m easurem ents o f  th e  s h o r t e r  d i a g o n a l .  Knoop e t  a l  f av o u re d  m easurement 
o f  th e  1 u n r e c o v e r e d ’ a r e a  s i n c e  t h i s  gave in fo r m a t io n  on bo th  th e
e l a s t i c  and p l a s t i c  d e fo rm a t io n  o f  th e  m a t e r i a l  and was t h e r e f o r e  more 
l o g i c a l  i f  i t  were d e s i r e d  t o  t e s t  p l a s t i c  m a t e r i a l s  u s in g  th e  same 
p ro c e d u r e .  Measurement o f  t h e  p r o j e c t e d  a r e a  s tem s from th e  id e a  t h a t  
th e  lo a d  i s  a p p l i e d  p e r p e n d i c u l a r l y  t o  t h i s  a r e a  and i f  s u r f a c e  a r e a  
were t o  be used  th e  component o f  t h e  lo ad  normal t o  th e s e  f a c e s  sh o u ld  
be c o n s id e r e d .
The g e o m e t r i c a l  shape  o f  th e  Knoop in d e n t e r  i s  w e l l  known and i s  
d e f in e d  i n  term s o f  th e  a n g le s  between o p p o s i t e  edges  o f  th e  i n d e n t e r .  
The c h o ic e  o f  a n g le s  was a g a in  made on th e  b a s i s  o f  c o n s id e r a b l e  
e x p e r im e n ta l  e v id e n c e  u s in g  pyram ids o f  d i f f e r e n t  a n g le ;  bu t e s s e n t i a l l y  
th e  f i n a l  c h o ic e  was a compromise. I f  th e  i n d e n t e r  l e n g t h  : w id th  r a t i o  
were too  s m a l l ,  t h e r e  was supposed  t o  be a danger o f  r e c o v e ry  o f  th e  
lo n g  d i a g o n a l ,  b u t  i f  to o  l a r g e  th e  i n d e n t a t i o n  would become v e ry
s h a l lo w  and s u r f a c e  p r e p a r a t i o n  t o  a s u f f i c i e n t l y  h ig h  s ta n d a r d  would be 
im p o s s ib l e .  Knoop e t  a l  r e c o g n i s e d  t h a t  from th e  p o i n t  o f  view o f  
m an u fa c tu re  and c a l i b r a t i o n  i t  was d e s i r a b l e  t o  d e f in e  th e  g e o m e t r i c a l  
form i n  te rm s  o f  a n g le s  betw een o p p o s i t e  f a c e s  and th e y  a p p eared  i n  th e  
o r i g i n a l  p a p e r  q u i t e  am enable  t o  d e f i n i n g  th e  Knoop i n d e n t e r  in  te rm s  o f  
d i h e d r a l  a n g le s  o f  130° betw een o p p o s i t e  f a c e s  and a z im u th a l  a n g le s  o f  
16° and 164° between a d j a c e n t  f a c e s  ( ’For t h i s  shape  th e  edge a n g le s  
become 172° 34* 25” and 130° 25 ' 40” which d i f f e r  b u t  s l i g h t l y  from th e  
f i r s t  s p e c i f i c a t i o n ’ ) b u t  t h i s  s u g g e s t io n  was n e v e r  ad o p ted  by
s t a n d a r d i z i n g  co m m it tee s .
2.4.2 The Knoop indenter
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d 13 6 <
HVickers = I85A +  F = 18MP 
d 2 d 2
6 5  0 2
H Berkovich 1 5 7 0 F  160 .OPI2 = I2
108'
65'
H P e n t a g o n a l * ^ :  s  lAf i-AP
130°
172°
30'
H Knoop=
1 4 2 2 9  F
1451 P
Fig. 7 S i z e  of im p r e s s io n  p r o d u c e d  by four  d i f f e r e n t
in d e n te r  t y p e s  t o g e t h e r  w i t h  th e ir  g e o m e t r y  a n d  
a s s o c i a t e d  h a r d n e s s  f o r m u la e
( F = l o a d  in g f , P in mN; l , d  = d i a g o n a l  length  in pm)
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2 . 4 . 3  The B erkov ich  i n d e n t e r
The t h i r d  most common ty p e  o f  m ic ro -h a rd n e s s  i n d e n t e r  i s  a t t r i b u t e d  
t o  Khrushchov and B erkov ich  (1950) and c o n s i s t s  o f  an e q u i l a t e r a l  
t r i a n g u l a r  based  diamond p y ram id . I t  would a p p e a r ,  how ever, t h a t  t h i s  
form had p r e v i o u s ly  been s u g g e s te d  by T ay lo r  (1 9 4 8 ) .  The a n g le  between a 
f a c e  and o p p o s i t e  edge were chosen  so  t h a t  th e  s u r f a c e  a r e a  o f  th e  
i n d e n t a t i o n  p roduced  when u s in g  i t  and a l s o  th e  i n d e n t a t i o n  d e p th  would 
be t h e  same a s  th o s e  p roduced  by a V ic k e rs  i n d e n t e r  under  th e  same lo a d .  
Using th e s e  c r i t e r i a ,  i t  t r a n s p i r e s  t h a t  th e  a n g le  between th e  
g e o m e t r i c a l  a x i s  and th e  s i d e  f a c e  i s  65° 0 2 ' .  The p r i n c i p a l  a d v a n ta g e  
o f  a  B erkov ich  i n d e n t e r  i s  t h a t  h av in g  t h r e e  f a c e s  t h e s e  a r e  g u a ra n te e d  
t o  meet a t  one p o i n t  ( u n l i k e  f o u r - f a c e d  i n d e n t e r s  which have a ten d en cy  
to  be produced  w ith  a c h i s e l  e d g e ) . T h is  i s  p a r t i c u l a r l y  im p o r ta n t  when 
making v e ry  sm a l l  i n d e n t a t i o n s  o f  t h e  o r d e r  o f  a few m ic ro m e tre s  a c r o s s  
a s  o r i g i n a l l y  c oncerned  B erkov ich  when i n v e s t i g a t i n g  th e  h a rd n e s s  o f  
diamond i t s e l f  ( th e  s u b j e c t  o f  t h e  1950 p a p e r ) . T h is  ty p e  o f  i n d e n t e r  
h as  n e v e r  a c q u i r e d  g r e a t  p o p u l a r i t y  o u t s i d e  R u s s ia ,  p a r t l y  because  th e  
V ic k e rs  and Knoop form s have  been found p e r f e c t l y  a d e q u a te  f o r  a l l  bu t  
v e ry  s p e c i a l i s e d  a p p l i c a t i o n s ,  b u t  a l s o  because  i t  i s  more t e d io u s  to  
u s e ,  i n  t h a t  t h e  t h r e e  d i s t a n c e s  between each  c o rn e r  and o p p o s i t e  s i d e  
have  t o  be m easured and a v e ra g e d  t o  c a l c u l a t e  a  h a rd n e s s  v a lu e  a s  
opposed to  two f o r  V ic k e rs  and one f o r  Knoop.
2 .4 .4  O ther  ty p e s  o f  i n d e n t e r
J u s t  one o r  two o t h e r  i n d e n t e r  ty p e s  m e r i t  a  b r i e f  m en t io n .  Brookes 
and Moxley (1975) have  d e s c r ib e d  a p e n ta g o n a l  based  diamond p y ram id a l  
i n d e n t e r  w i th  an in c lu d e d  a n g le  o f  65° between each  f a c e t  f a c e  and th e  
g e o m e t r i c a l  a x i s .  The p h i lo s o p h y  u n d e r ly in g  t h i s  developm ent was t h a t  
a n i s o t r o p y  n o rm a l ly  o b se rv e d  when p e rfo rm in g  h a rd n e s s  m easurem ents on 
s i n g l e  c r y s t a l s  u s in g  th e  o t h e r  t h r e e  i n d e n t e r  form s would be e l im in a te d  
s in c e  no c r y s t a l  e x h i b i t s  a  n a t u r a l  f i v e - f o l d  symmetry.
S te rn  (1951) used  a d o u b le  diamond cone i n d e n t e r .  The two cones had a 
common c i r c u l a r  base  o f  r a d i u s  2 mm and a common a x i s  such t h a t  th e  
i n c lu d e d  a n g le  betw een cone f a c e s  was 154°. The r e s u l t i n g  i n d e n t a t i o n s  
were b o a t- s h a p e d  and had a l e n g t h  6 t im es  t h e i r  w id th  and 100 t im e s  
t h e i r  d ep th  ( a p p r o x im a te ly ) .  More r e c e n t l y ,  Egorov and Kozlov (1978) 
have d e s c r ib e d  a s i m i l a r  i n d e n t e r  made from two c y l i n d e r s  o f  r a d i u s  2 mm
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i n t e r s e c t i n g  a t  an a n g le  o f  136°.
2 .5  MODERN MICROHARDNESS TESTING
There have been few ad v an ces  e i t h e r  i n  th e  m an u fa c tu re  o f  comm ercial 
m ic ro h a rd n e ss  t e s t i n g  m ach ines  o r  i n  th e  p r o d u c t io n  o f  i n d e n t in g  
diamonds ove r  th e  p a s t  t h i r t y  y e a r s .  The on ly  s i g n i f i c a n t  deve lopm ents  
t h a t  have been made i n  m achine d e s ig n  have been t o  a l lo w  th e  s tu d y  o f  
i n d e n t a t i o n  d ep th  m easurem ent, and th e  t r a n s f e r  o f  v e ry  low lo a d s  
( s i g n i f i c a n t l y  below 1 g f ) .  T h is  a s p e c t  o f  th e  s u b j e c t  i s  o f  such  g r e a t  
im p o r ta n c e ,  however, t h a t  i t  w i l l  be c o n s id e r e d  s e p a r a t e l y  i n  a  l a t e r  
c h a p t e r .
The Durimet (M in i lo a d )  t e s t e r  has now been used  e x tre m e ly  
s u c c e s s f u l l y  i n  com m ercial e n v iro n m en ts  s in c e  th e  e a r l y  1950s and many 
su b se q u e n t  m achines which have  been d e s ig n e d  owe a g r e a t  d e a l  to  t h i s  
m odel. A l l  p o p u la r  modern m achines  have  th e  i n d e n t in g  mechanism and th e  
o b j e c t i v e s  a t t a c h e d  t o  one r o t a t i n g  p l a t e  and th e  i n d e n t e r  i s  u s u a l l y  
low ered  by a r o t a t i n g  cam m o t iv a te d  e i t h e r  by a s p r i n g  working a g a i n s t  a  
d a sh p o t  o r  by a m in i a t u r e  e l e c t r i c  m o to r .  The i n d e n t e r  and lo ad  a r e  
o f t e n  c a r r i e d  on a p iv o te d  beam, b u t  i n  some ’ d e a d w e ig h t ’ m achines th e  
lo a d  r e s t s  d i r e c t l y  on th e  i n d e n t e r  which i s  c o n s t r a in e d  by l e a f  
s p r i n g s .
A n o ta b l e  e x c e p t io n ,  how ever, i s  to  be found i n  one o f  th e  most 
commonly used  m i c r o - i n d e n t a t i o n  h a rd n e s s  t e s t e r s  i n  th e  UK (m an u fac tu red  
by V iokers  L td) which does n o t  u se  th e  c o n v e n t io n a l  system  o f  w e ig h ts  
and l e v e r s  to  t r a n s f e r  th e  lo a d  t o  t h e  specim en . In  t h i s  i n s t r u m e n t ,  th e  
i n d e n t e r  diamond i s  mounted on a g l a s s  p l a t e  i n  f r o n t  o f  a  x20 
m ic roscope  o b j e c t i v e .  T h is  i n d e n t e r  a s sem b ly , w e igh ing  5 g i s  c a r r i e d  by 
two ru b b e r  d iaphragm s and i s  th u s  c o n s t r a in e d  to  move i n  a s t r a i g h t  l i n e  
d u r in g  th e  i n d e n t a t i o n  p r o c e s s  when moved fo rw ard  by p r e s s u r e  from a 
pneum atic  c y l i n d e r .  The o b j e c t i v e  system  i s  th u s  h e ld  s t e a d y  w h i l s t  th e  
diamond i t s e l f  moves. The lo a d  may be v a r i e d  on th e  t r a n s m i t t e r  c y l i n d e r  
i n  d i s c r e t e  s t e p s  and t h i s  i s  a u to m a t i c a l l y  a p p l i e d  t o  t h e  i n d e n t e r  a t  a 
f ix e d  r a t e  by th e  pneum atic  p r e s s u r e .  The in d e n t in g  o p e r a t i o n  i s  
t h e r e f o r e  e n t i r e l y  in d e p e n d e n t  o f  th e  o p e r a t o r .
A part from th e  many com m erc ia l ly  a v a i l a b l e  bench-m ounted 
m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t e r s ,  many p o r t a b l e  t e s t e r s  have been
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deve loped  ove r  th e  y e a r s  t h a t  work on e n t i r e l y  d i f f e r e n t  p r i n c i p l e s .  
Most a r e  f o r  s p e c i a l i s t  a p p l i c a t i o n s  and cover  o n ly  a sm a l l  ran g e  o r  
te n d  t o  cause  damage t o  th e  m a t e r i a l  under  t e s t .  A few t y p i c a l  examples 
o f  p o r t a b l e  t e s t e r s  a r e  d e s c r ib e d  in  Appendix 1 t o  i l l u s t r a t e  th e  
v a r i e t y  o f  ways in  which a h a rd n e s s  t e s t  can be pe rfo rm ed .
B e s id e s  a l l  th e  c o n v e n t io n a l  m achines so f a r  d e s c r i b e d , many 
im a g in a t iv e  methods p u r p o r t i n g  t o  g iv e  a h a rd n e s s  v a lu e  a r e  b e in g  
d eve loped  a l l  th e  t im e .  V elichko  and M elesh in  (1980) r e c e n t l y  
i n v e s t i g a t e d  th e  p o s s i b i l i t y  o f  u s in g  th e  h ig h e r  harm onics  method f o r  
i n s p e c t i n g  th e  h a rd n e s s  o f  40KhN s t e e l  p a r t s .  I t  was a p p a r e n t l y  
e s t a b l i s h e d  t h a t  th e  a m p l i tu d e  o f  th e  t h i r d  harm onic  i s  c l e a r l y  r e l a t e d  
t o  h a rd n e s s  and may be used  t o  m easure i t  in  th e  BHN 235-390 ran g e  i n  
p l a c e  o f  B r i n e l l  t e s t i n g .
Goldsmid and J o h n s to n  (1981) deve loped  a t e c h n iq u e  f o r  th e  
measurement o f  h a rd n e s s  th ro u g h  th e  o b s e r v a t io n  o f  th e rm a l  c o n t a c t  
r e s i s t a n c e .  A h e a te d  c o p p e r - c o n s t a n ta n  therm ocoup le  w ith  a ruby  t i p  was 
a p p l i e d  t o  s e v e r a l  h ig h  c o n d u c t i v i t y  m e ta ls  and a l l o y s  and i t  was shown 
t h a t  s i n c e  th e rm a l  c o n t a c t  r e s i s t a n c e  depends o n ly  on th e  r a d i u s  o f  
c o n ta c t , -  th e  r e s u l t i n g  t h e r m o e l e c t r i c  emf was d i r e c t l y  r e l a t e d  t o  th e  
V ic k e rs  h a rd n e s s .  The d e v ic e  was l a t e r  improved (G oldsm id, 1982) so a s  
t o  o b v ia t e  th e  need f o r  knowing th e  th e rm a l  c o n d u c t i v i t y  o f  th e  t e s t  
m a t e r i a l .  A h e a te d  c o p p e r - t i p p e d  p robe  w ith  a sm a l l  m ech an ica l  lo ad  was 
b ro u g h t  down on th e  t e s t  m a t e r i a l  a t  th e  same t im e  as  a s i m i l a r  h e a te d  
p robe  w ith  a diamond t i p .  The lo ad  on t h i s  l a t t e r  was v a r i e d  u n t i l  t h e  
th e rm a l  c o n ta c t  r e s i s t a n c e s  were th e  same. T h is  c o n d i t io n  was i n d i c a t e d  
by a  n u l l  m easurement from two th e rm ocoup le s  co n n e c te d  i n  o p p o s i t i o n .  
Exper im en ts  u s in g  s t e e l  sam ples  i n d i c a t e d  t h a t  th e  lo a d  r e q u i r e d  was 
a p p ro x im a te ly  p r o p o r t i o n a l  t o  th e  V ick e rs  h a rd n e s s  number. T h is  wide 
v a r i e t y  o f  methods s im p ly  s e r v e s  t o  i l l u s t r a t e  th e  a r b i t r a r y  n a tu r e  o f  a 
h a rd n e s s  t e s t .
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CHAPTER 3 
THE SCOPE OF M IC R O H ARD N ESS TE S T IN G
3.1 INTRODUCTION
D e sp i te  th e  f a c t  t h a t  m ic ro h a rd n e s s  t e s t i n g  has  been i n  use  f o r  over  
fo u r  decades  and a number o f  n a t i o n a l  s t a n d a r d s  have been produced  on 
th e  s u b j e c t  ( s e e  T ab le  1 ) ,  t h e r e  i s  a s  y e t  no B r i t i s h  s ta n d a r d  t o  d e f i n e  
t h e  t e s t  o r  t o  c o n t r o l  i t s  u s e .  Over th e  y e a r s  n e a r l y  1000 p a p e rs  have 
been w r i t t e n  on m ic ro h a rd n e ss  t e s t i n g ;  bu t  i t s  r an g e  o f  a p p l i c a t i o n s  i s  
so d i v e r s e  and th e  co n c ep t  o f  'h a r d n e s s '  i s  so  d i f f i c u l t  to  d e f i n e  t h a t  
t h e  term  'm ic r o h a r d n e s s '  can mean a l l  t h in g s  t o  a l l  men.
T ab le  1. M ic ro h a rd n e ss  S ta n d a rd  S p e c i f i c a - t io n s
J IS  Z2251 -  1980 Method o f  m ic ro -h a rd n e s s  t e s t
f o r  V ick e rs  and Knoop h a rd n e s s
J IS  B7734 -  1977 M ic ro -h a rd n e ss  t e s t i n g  m achines
f o r  V ic k e rs  and Knoop h a rd n e s s
ANSI -  ASTM E384 -  73 S ta n d a rd  t e s t  method f o r
m ic ro h a rd n e ss  o f  m a t e r i a l s
ISO 4516 -  1980
(BS 5411: P a r t  6 -  1981)
M e ta l l i c  and r e l a t e d  c o a t i n g s  -  
V ic k e rs  and Knoop m ic ro h a rd n e ss  t e s t s
DIN 50133 P a r t  2 T e s t in g  o f  m e t a l l i c  m a t e r i a l s :  
V ic k e rs  h a rd n e s s  t e s t i n g :  
t e s t  lo a d  range  1.96 -  49 N
GOST 9450 - 76 Measurements o f  m ic ro h a rd n e ss  
by diamond i n d e n t a t i o n
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One o f  th e  most fu n d am en ta l  p roblem s i s  t h a t  few w orkers  have 
s y s t e m a t i c a l l y  i n v e s t i g a t e d  th e  f a c t o r s  a f f e c t i n g  th e  a c c u r a t e  
d e te r m in a t io n  o f  a  m ic ro h a rd n e ss  v a lu e ,  th e  most th o ro u g h  work p ro b a b ly  
be in g  t h a t  c a r r i e d  o u t  by Bflckle (1959) and Yoshino (1 9 6 5 ) .  Over th e  
y e a r s ,  r e s e a r c h  h as  g e n e r a l l y  been conduc ted  by t h r e e  d i s t i n c t  g roups o f  
p e o p le  c o r r e s p o n d in g  t o  th e  prob lem s in v o lv e d :  m ic r o s c o p i s t s  have
c o n c e n t r a t e d  on th e  measurem ent a s p e c t s ,  e n g in e e r s  on th e  d e s ig n  o f  
s o p h i s t i c a t e d  m achines and m a t e r i a l s  s c i e n t i s t s  on th e  p r a c t i c a l  and 
t h e o r e t i c a l  a s p e c t s  o f  i n d e n t a t i o n  fo rm a t io n  -  s l i p  p l a n e s ,  c ra c k  
p r o p a g a t io n  and th e  l i k e .  I n d i v i d u a l l y  th e y  have produced  some sound 
work, bu t  i n  n e g l e c t i n g  to  t r e a t  t h e  problem  a s  a w hole , t h e i r  r e s u l t s  
a r e  o f t e n  o f  l i t t l e  q u a n t i t a t i v e  v a lu e  and o f  l i m i t e d  use  t o  someone 
e n d e av o u r in g  to  i n v e s t i g a t e  th e  t e s t  p ro c e d u re s  th e m s e lv e s .
In  t h i s  c h a p t e r ,  t h e  meaning o f  th e  term  'm ic r o h a r d n e s s '  i n  th e  
c o n te x t  o f  th e  p r e s e n t  work i s  d i s c u s s e d  f i r s t .  The r e s u l t s  o f  a s u rv e y  
o f  m ic ro h a rd n e ss  u s e r s  i n  th e  UK a r e  th e n  p r e s e n t e d ,  r e v e a l i n g  some o f  
t h e  c u r r e n t  p roblem s and l e v e l  o f  a c t i v i t y .  There th e n  f o l lo w s  a g e n e r a l  
d e s c r i p t i o n  o f  th e  equ ipm ent used  th ro u g h o u t  t h i s  r e s e a r c h  work based  on 
th e  t h r e e  broad  c a t e g o r i e s :  m ach in es ,  measurement and m a t e r i a l s .  The 
l i m i t a t i o n s  o f  a p a r t i c u l a r  com m ercial m ic ro h a rd n e ss  t e s t i n g  machine a r e  
d i s c u s s e d  and th e  s u b s e q u e n t  c o n s t r u c t i o n  o f  a p r o to ty p e  n a t i o n a l  
s t a n d a r d  machine d e s c r i b e d .  The measurement system  employed based  on 
o p t i c a l  m icroscopy  i s  expounded, b u t  t e c h n iq u e s  o f  improved r e s o l u t i o n  
u s in g  a s c an n in g  e l e c t r o n  m ic ro scope  a r e  r e s e r v e d  f o r  d i s c u s s io n  i n  a 
l a t e r  c h a p t e r .  The f i n a l  s e c t i o n  m en tio n s  th e  most im p o r ta n t  f e a t u r e s  o f  
t e s t  b lo c k s  used  f o r  m io ro h a rd n e ss  i n v e s t i g a t i o n s .  L i t t l e  more w i l l  be 
s a i d  c o n c e rn in g  m a t e r i a l s ,  how ever, s i n c e  th e  main t h r u s t  o f  t h i s  work 
i s  d i r e c t e d  tow ards  i n v e s t i g a t i n g  th e  t e s t  c o n d i t i o n s  th em se lv e s  r a t h e r  
th a n  u s in g  m ic ro h a rd n e ss  t e s t i n g  a s  a t o o l  to  r e s e a r c h  m a t e r i a l  
p r o p e r t i e s .
3 .1 .1  Macro- and M icro- h a rd n e s s
For th e  p u rp o se s  o f  th e  c u r r e n t  work, upper  and low er  l i m i t s  have 
been s e t  ( a l b e i t  somewhat a r b i t r a r i l y )  on th e  r e g io n  o f  i n t e r e s t  term ed 
* m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t i n g ' . I t  i s  c o n s id e r e d  t h a t  no 
i n d e n t a t i o n  o f  d ia g o n a l  l e n g t h  g r e a t e r  th an  100 jam can be c o n s id e re d  
'm ic r o '  and th e  e r r o r s  in v o lv e d  i n  m easu r ing  (and even p ro d u c in g )  one 
l e s s  th an  20 jam long  e x c lu d e  t h e s e  i n d e n t a t i o n s .  The term
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1 m ic r o h a r d n e s s ’ i s  o f t e n  l o o s e l y  d e f in e d  in  te rm s  o f  a p p l i e d  l o a d .  Three 
ra n g e s  te n d  t o  be d i s c u s s e d :  ’m a c r o - ! , ' l o w - l o a d - ' and ’m i c r o - ’ h a rd n e s s  
and i t  i s  sometim es th o u g h t  n e c e s s a r y  f o r  them t o  o v e r l a p .  In  t h i s  work, 
th e  lo a d  ran g e  i s  e s s e n t i a l l y  d e f in e d  by th e  ty p e s  o f  i n d e n t in g  m achine 
employed. A deadw eigh t m achine h a s  been c o n s t r u c t e d  to  t r a n s f e r  lo a d s  
from 2 k g f  t o  200 g f  and f o r  l o a d s  s m a l l e r  th a n  t h i s  (down t o  abou t  
10 g f ) ,  a  m o d if ie d  com m ercial  l e v e r  m achine i s  u s e d .  However, a s  w i l l  be 
shown l a t e r ,  t h e r e  i s  p ro b a b ly  l e s s  demand f o r  o b t a i n in g  th e s e  v e ry  low 
lo a d s  th an  th e  m a n u f a c tu r e r s  would have one b e l i e v e .  F i n a l l y ,  few 
m a t e r i a l s  p o s s e s s  a V io k e rs  h a rd n e s s  v a lu e  g r e a t e r  th a n  1000 o r  l e s s  
th a n  40, so  a g raph  may be drawn ( se e  F ig u re  8) o f  lo a d  v e r s u s  h a rd n e s s  
i l l u s t r a t i n g  th e  r e g io n  o f  i n t e r e s t .  D e s p i te  th e  f a c t  t h a t  we a r e  
concerned  w i th  m ic r o - i n d e n t a t i o n  h a rd n e s s  t h ro u g h o u t ,  i t  would be 
u n n e c e s s a r i l y  p e d a n t i c  t o  u se  t h i s  term  e x c l u s i v e l y .  The term  
’r a io ro h a rd n e s s ’ may t h u s ,  i n  g e n e r a l ,  be ta k e n  as  synonymous.
To i l l u s t r a t e  th e  o r d e r  o f  m agn itude  d i f f e r e n c e  betw een m acro- and 
m ic ro -  i n d e n t a t i o n s ,  F ig u re  9 shows t h r e e  i n d e n t a t i o n s  on a h a rd n e s s  
t e s t  b lo ck  t y p i c a l  o f  t h e  l o o s e l y - d e f i n e d  ’macro ' and ’m ic ro ’ h a rd n e s s  
r a n g e s .  The l a r g e s t  was p roduced  by a load  o f  30 k g f  ( a p p ro x im a te ly  
300 N) and m easures  a b o u t  250 jam a c r o s s  i t s  d i a g o n a l s .  The second was 
p roduced  by a lo a d  o f  1 k g f  ( a p p ro x im a te ly  10 N) and i s  abou t  50 jam 
a c r o s s .  The s m a l l e s t ,  a  t y p i c a l  m i c r o - i n d e n t a t i o n , was produced  by a 
lo a d  o f  200 g f  and i s  a b o u t  20 jam a c r o s s .  Being o f  t h e  V ic k e rs  form , 
t h i s  i s  l e s s  th a n  3 jJm d e e p ,  e q u i v a l e n t  t o  abou t f i v e  w a v e len g th s  o f  
v i s i b l e  l i g h t .
3 .2  M1CR0HARDNESS SURVEY
As a p r e l im in a r y  e x e r c i s e  t o  f i n d  o u t  som eth ing  o f  th e  needs  o f  
B r i t i s h  i n d u s t r y  i n  t h e  f i e l d  o f  m io ro h a rd n e ss  t e s t i n g ,  a  q u e s t i o n n a i r e  
was s e n t  t o  ab o u t  t h r e e  hundred  known u s e r s  o f  such  t e s t i n g  equ ipm en t.  
Q u e s t io n s  cove red  su c h  a s p e c t s  a s  th e  ran g e  o f  m a t e r i a l s  t e s t e d ,  th e  
ty p e s  o f  i n d e n t e r  u s e d ,  ' t h e  f re q u e n c y  o f  use  and th e  main pu rpose  o f  th e  
t e s t  t o  t h a t  p a r t i c u l a r  u s e r .  Over one hundred  r e p l i e s  were r e c e iv e d  and 
th e y  s e r v e  t o  d e m o n s t ra te  t h e  a r e a s  and l e v e l  o f  c u r r e n t  a c t i v i t y  in  th e  
f i e l d ,  and to  some e x t e n t  th e  problem  a r e a s .
As e x p e c te d ,  th e  v a s t  m a j o r i t y  o f  u s e r s  were concerned  w i th  t e s t i n g  
m e t a l s ,  b u t  t h i s  i n  i t s e l f  c o v e rs  a  v a s t  ran g e  from le a d  th ro u g h  copper
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Fig.  9 C o m p a r i s o n  of a  c o n v e n t i o n a l  V ic k e r s  h a r d n e s s  
i n d e n t a t i o n  (p ro d u c e d  u s in g  a  l o a d  of 3 0 0 N )  w i t h  
typ ica l  m i c r o - i n d e n t a t i o n s  p r o d u c e d  by l o a d s  of  
10 N a n d  2 N
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and b r a s s  r i g h t  up t o  t h e  ha rd en ed  t o o l  s t e e l s  and p r o d u c ts  a s  d i v e r s e  
a s  l e a d  a c id  a c c u m u la to r s ,  b a l l  b e a r in g s  and a i r c r a f t  e n g in e s .  There a r e  
many o t h e r s  who a r e  i n t e r e s t e d  i n  t h i n  f i lm s  (eg  go ld  p l a t e d  e l e c t r i c a l  
c o n t a c t s )  and n o n - m e t a l l i c s : c e ra m ic s ,  g l a s s e s  and even tu n g s t e n
c a r b i d e .  F u r th e rm o re ,  a l t h o u g h  to o  sm a l l  a p e rc e n ta g e  to  be r e c o r d e d ,  
t h e r e  a r e  ' o t h e r s '  who a r e  concerned  w ith  such  o b sc u re  m a t e r i a l s  a s  
t o o th  enam el, p h a rm a c e u t ic a l s  and even diamond i t s e l f .  A graph  o f  th e  
r e s u l t s  i s  shown in  F ig u re  10a.
The ty p e s  o f  i n d e n t e r  used  comes a s  no s u r p r i s e ;  n e a r l y  everyone  in  
th e  UK u s e s  a V ic k e rs  i n d e n t e r  f o r  m ic ro h a rd n e ss  t e s t i n g ,  bu t  q u i t e  a 
s u b s t a n t i a l  number (322) a l s o  p o s s e s s  Knoop i n d e n t e r s .  These a r e  
p ro b a b ly  used  p r i m a r i l y  f o r  t e s t i n g  b r i t t l e  m a t e r i a l s  such  a s  g l a s s ,  
c e ra m ic s ,  t u n g s t e n  c a r b i d e  and t h i n  m e t a l l i c  f i l m s .
The number o f  i n d e n t a t i o n s  t h a t  were a c t u a l l y  b e in g  made i s  q u i t e  
s u r p r i s i n g  a s  shown i n  F ig u re  10b. A part from th o s e  p e o p le  u s in g  th e  
m io ro h a rd n e ss  t e s t  a s  a q u a l i t y  c o n t r o l  te c h n iq u e  (who te n d  to  make j u s t  
one i n d e n t a t i o n  i n  a l a r g e  number o f  sam ples)  a  s u b s t a n t i a l  number o f  
u s e r s  make v e ry  many i n d e n t a t i o n s  i n  a  s i n g l e  sam p le .  These n a t u r a l l y  
te n d  t o  be p e o p le  w i th  an i n t e r e s t  i n  r e s e a r c h  and developm ent r a t h e r  
th a n  i n  p ro d u c t io n  and a l s o  academ ic m a t e r i a l s  s c i e n t i s t s  u s in g  th e  
m ic r o - i n d e n t a t i o n  h a rd n e s s  . t e s t  t o  i n v e s t i g a t e  th e  s t r u c t u r e  and 
b e h a v io u r  o f  m a t e r i a l s .
The maximum lo a d  which UK u s e r s  n o rm a l ly  a p p ly  seems to  be q u i t e  
v a r i a b l e ,  a s  i s  t o  be e x p e c te d  when th e  ran g e  o f  m a t e r i a l s  be ing  t e s t e d  
i s  so  wide ( se e  F ig u re  1 0 c ) .  I t  i s  s u r p r i s i n g ,  however, t h a t  few p e o p le  
a c t u a l l y  seem t o  use  v e ry  low lo a d s  on a r e g u l a r  b a s i s .  T h is  i s ,  o f  
c o u r s e ,  on ly  s e n s i b l e ;  i f  i t  i s  a t  a l l  p o s s ib l e  t o  use  a h ig h e r  lo ad  and 
th e r e b y  o b t a i n  a  l a r g e r  i n d e n t a t i o n  t h i s  i s  a l l  t o  t h e  good. However, i t  
does l e a d  one t o  c o n s id e r  how much demand t h e r e  r e a l l y  i s  a t  p r e s e n t  f o r  
m achines which t r a n s f e r  lo a d s  o f  l e s s  th a n  200 o r  300 g f .
Even more r e a s s u r i n g  was t h e  f a c t  t h a t  more th a n  h a l f  th e  r e s p o n d e n ts  
d id  n o t  r e q u i r e  an a c c u ra c y  o f  b e t t e r  th an  52, a s  i n d i c a t e d  by 
F ig u re  10d. T h is  may a t  f i r s t  seem to  be an undu ly  l a r g e  number s in c e  
th e  i n d e n t in g  m achine may i n t r i n s i c a l l y  be a c c u r a te  to  12 and th e  
m easu r ing  sys tem  t o  22. The f a c t  i s  t h a t  s in c e  th e  t e s t  b lo ck  i s  by no 
means u n ifo rm , a l a r g e  a d d i t i o n a l  u n c e r t a i n t y  i s  i n t r o d u c e d  when t r y i n g
- 6 1 -
867c
717c
36°/o
187c 137c
nPTc
Tungsten Ferrous Non M eta l Ceramics Glass
carbide m eta l ferrous f i lm s
m etal
a)-Materials  t e s t e d  using m ic r o - in d e n t a t io n  tech n iq u es
44%
53%
207c
10
197c
50
287c
97c 87c
197c
100 100 +
b). A v e r a g e  n u m b e r  of  s p e c i m e n s  
t e s t e d  p er  m o n t h
5 10 10+
Number of  
i n d e n t a t i o n s  oh  
e a c h  s p e c i m e n
Fig. 10 Results of a survey of microhardness
users in the UK
-62-
21% 26%
12%
6%
0 .3  0 .5  1 2 3 5 10
c).  M a x im u m  a p p l i e d  lo a d  ( N )
50%
ooo'*CO o o
1% 2% 3% 5% 10%
d). Required a cc u r a c y  of t h e  h a r d n e s s  va lue  obta ined
Fig. 10 Results of a survey of microhardness
users in the  UK
- 63 -
to  perform  c a l i b r a t i o n .
3 .3  INTRODUCTION TO APPARATUS
As p r e v i o u s ly  d i s c u s s e d ,  t h e  t h r e e  m ajor a r e a s  o f  i n t e r e s t  i n  th e  
s tu d y  o f  m i c r o - i n d e n t a t i o n  h a rd n e s s  t e s t i n g  may be th o u g h t  o f  a s :  
m ach ines ,  measurement and m a t e r i a l s .  The n e x t  t h r e e  s e c t i o n s  a r e  devo ted  
a g e n e r a l  d e s c r i p t i o n  o f  t h e  equipm ent used a t  NPL i n  th e  c o u rs e  o f  t h i s  
t h e s i s  based  on th e s e  t h r e e  b road  c a t e g o r i e s .
3 .4  MACHINES
3*4.1 Im p o r ta n t  f a c t o r s  i n  m achine d e s ig n
From th e  b r i e f  summary o f  th e  e a r l y  developm ent o f  m i c r o - i n d e n t a t i o n  
h a rd n e s s  t e s t e r s  g iv en  i n  C h a p te r  2 , i t  becomes a p p a re n t  t h a t  t h e r e  a r e  
a  number o f  w e l l - d e f i n e d  prob lem s to  be overcome when d e s ig n in g  a 
t e s t i n g  m ach ine. These may u s e f u l l y  be summarised a s  f o l l o w s :
1. L oad ing : a w e l l  d e f in e d  lo a d  must be t r a n s f e r r e d  t o  th e  s u r f a c e .  
F r i c t i o n  must be av o id e d  a s  f a r  a s  p o s s i b l e  and u n l e s s  o f  th e  
deadw eigh t t y p e ,  t h e  m achine c a l i b r a t e d  a g a i n s t  an a c c u r a t e  b a la n c e .
2. Speed: th e  v e l o c i t y  a t  which th e  i n d e n t e r  a p p ro a c h e s  th e  s u r f a c e  must 
be c o n s ta n t  and w e l l - d e f i n e d .  The manual method o f  lo w e r in g  th e  
i n d e n t e r  u s in g  th e  m ic ro scope  fo c u s in g  c o n t r o l  i s  c l e a r l y  u n s u i t a b l e ,  
bu t  even when an o i l  d a s h p o t  o r  an e l e c t r i c  m otor i s  used  to  c o n t r o l  
th e  r a t e  o f  d e s c e n t ,  i t  c a n n o t  be assumed t h a t  t h i s  i s  a b s o l u t e l y  
sm ooth .
3* V i b r a t i o n : i t  i s  a d v i s a b l e  n o t  t o  to u ch  th e  machine a t  a l l  d u r in g  th e  
i n d e n t a t i o n  p r o c e s s  ( o r  t h e  bench on which i t  s t a n d s ) . I f  an e l e c t r i c  
motor i s  t o  be u s e d ,  i t  s h o u ld  be i s o l a t e d  from th e  m ach ine .
4. I n e r t i a : t h i s  i s  v e ry  d i f f i c u l t  t o  avo id  and even q u a n t i f y  ( e x c e p t  i n  
th e  s p e c i a l  c a se  o f  deadw eigh t  m ac h in e s ) .  A part  from th e  i n e r t i a  o f  
t h e  in d e n t in g  mass, t h e  lo a d  c a r r i e r  ( u s u a l ly  a  l e v e r  arm) p o s s e s s e s  
i n e r t i a  which must be m in im ised  s in c e  t h i s  i s  an a d d i t i o n a l  s o u rc e  o f  
en e rg y  which must be d i s s i p a t e d  d u r in g  the  i n d e n t a t i o n  p r o c e s s .
5. P o s i t i o n : i t  i s  u s u a l l y  n e c e s s a r y  t o  know e x a c t l y  where an
i n d e n t a t i o n  w i l l  be made (so  t h a t  a p a r t i c u l a r  g r a i n  o r  m e t a l l i c  
phase  can be t e s t e d ,  f o r  i n s t a n c e ) .  T h is  i s  n o t  to o  d i f f i c u l t  to
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a r r a n g e  s in c e  p r e c i s i o n  s l i d e s  and r o t a t i n g  t a b l e s  a r e  r e a d i l y  
a v a i l a b l e  which can be used  to  t r a n s f e r  th e  specim en from under  th e  
m icroscope  to  under . th e  i n d e n t e r  and back v e ry  a c c u r a t e l y .
6. I n d e n te r  o r i e n t a t i o n : i t  i s  e s s e n t i a l  t h a t  th e  i n d e n t e r  be t r a v e l l i n g  
n o rm a l ly  t o  t h e  specim en a t  th e  i n s t a n t  o f  c o n t a c t ,  and i t  i s  
d e s i r a b l e  t h a t  i t s  o r i e n t a t i o n  sh ou ld  be a d j u s t a b l e .
3 . 4 .2  Commeroial m ic ro h a rd n e ss  m achine
In  th e  e a r l y  days o f  t h i s  r e s e a r c h ,  i n d e n t a t i o n s  were made u s in g  a 
s ta n d a r d  comm ercial m ach ine , namely th e  L e i t z  M in iload  I I .  T h is  i s  a 
w e l l - e s t a b l i s h e d  d e v ic e ,  h av in g  a p p eared  i n  abou t  1950 (when i t  was 
known a s  th e  Durimet t e s t e r )  and rem ained  v i r t u a l l y  unchanged i n  th e  
i n t e r v e n i n g  y e a r s .  A lthough  much c a r e  has  been ta k e n  i n  th e  d e s ig n  o f  
t h i s  machine (which has  been d e s c r ib e d  in  S e c t io n  2 . 4 . 1 2 ) ,  t h e r e  a r e  a 
number o f  u n d e s i r a b l e  f e a t u r e s  which r e n d e r  i t  u n s u i t a b l e  f o r  work o f  
t h e  h i g h e s t  a c c u r a c y .  F i r s t l y ,  u se  o f  a h y d r a u l i c  damper ( o i l  d a sh p o t)  
to  c o n t r o l  th e  r a t e  o f  d e s c e n t  o f  th e  i n d e n t e r  makes th e  i n s t r u m e n t  
s u b j e c t  t o  changes i n  t e m p e ra tu re  which a f f e c t  th e  v i s c o s i t y  o f  t h i s  
o i l .  S e cond ly ,  when w e ig h ts  l a r g e r  th an  300 g f  (2 .9 4  N) a r e  a p p l i e d ,  
t h e i r  c e n t r e  o f  g r a v i t y  a c t s  o u t s i d e  th e  a x i s  o f  th e  i n d e n t e r ,  r e s u l t i n g  
i n  a s m a l le r  lo a d  b e in g  t r a n s f e r r e d  th a n  i n d i c a t e d  on th e  m ass. T h i r d ly ,  
th e  c o i l  s p r i n g  has  a ten d e n c y  t o  a f f e c t  th e  u n i f o r m i ty  o f  v e l o c i t y  a t  
which th e  i n d e n t e r  ap p ro a c h e s  th e  specim en . F o u r th ly ,  and most 
im p o r ta n t ,  t h e  a x i s  o f  t h e  l e v e r  arm i s  w e l l  above th e  p la n e  o f  th e  
spec im en . T h is  means t h a t  th e  i n d e n t e r ,  which c l e a r l y  t r a v e l s  on an a r c  
d u r in g  i t s  d e s c e n t ,  i s  n o t  t r a v e l l i n g  v e r t i c a l l y  ( p r e c i s e l y  normal to  
t h e  b lo ck )  a t  th e  i n s t a n t  o f  c o n t a c t .
The i d e a l  way t o  make i n d e n t a t i o n s  i s  t o  use  a deadw eigh t m ach ine, in  
which th e  f u l l  lo ad  must be t r a n s f e r r e d  t o  th e  specim en . However, i t  i s  
a lm o s t  im p o s s ib le  t o  d e s ig n  an u n c o n s t r a in e d  deadw eigh t sys tem  to  a p p ly  
and remove th e  v e ry  s m a l l e s t  l o a d s  sometimes n e c e s s a ry  i n  m ic ro h a rd n e ss  
t e s t i n g .  T h is  i s  because  th e  i n d e n t e r  and load  must be caused  to  move a t  
a p r e c i s e  speed  i n  a v e ry  w e l l - d e f i n e d  d i r e c t i o n  and such  c o n s t r a i n t  
g e n e r a l l y  i n t r o d u c e s  f r i c t i o n a l  e f f e c t s  which te n d  t o  change th e  r e a l  
t r a n s f e r r e d  lo a d .  I t  i s  im p o r ta n t  when e v a lu a t i n g  m achines o r  t e s t i n g  
methods to  have a s t a n d a r d  m achine whose perfo rm ance  has  been c a r e f u l l y  
s tu d i e d  a s  a r e f e r e n c e  d e v ic e .  For t h e  pu rp o ses  o f  t h i s  r e s e a r c h  work, 
i t  was d e c id e d  to  c o n s t r u c t  a deadw eigh t machine which would cover  th e
-  65 -
lo a d  ran g e  200 g f  t o  2000 g f  ( a p p ro x im a te ly  2 to  20 N) and to  r e l y  on a 
w e l l - i n s t r u m e n te d  l e v e r  machine ( in d e e d ,  a m o d if ie d  L e i t z  M in iload  I I )  
f o r  lo a d s  below t h i s  (down t o  a p p ro x im a te ly  10 g f ) . F ig u re  11 shows th e  
s i z e  o f  (V ic k e rs )  i n d e n t a t i o n s  t h a t  w i l l  be produced  i n  t h i s  r e g io n  on a 
g raph  o f  lo ad  v e r s u s  V ic k e rs  h a rd n e s s  number.
3 .4 .3  The NPL p r o to t y p e  N a t io n a l  S ta n d a rd
The d e s ig n  o f  t h e  i n d e n t in g  machine i s  a  n a t u r a l  e x te n s io n  o f  th e  
s ta n d a r d  h a rd n e s s  t e s t i n g  m achines  d e s ig n e d  and c o n s t r u c t e d  a t  NPL in  
th e  p a s t  t o  m a in ta in  o t h e r  h a rd n e s s  s c a l e s .  Being a deadw eigh t m ach ine , 
th e  lo a d  i s  n o t  m e c h a n ic a l ly  c o n s t r a in e d  d u r in g  th e  t im e  th e  i n d e n t e r  
r e s i d e s  on th e  s u r f a c e  o f  t h e  t e s t  specim en . The o n ly  main d i f f e r e n c e s  
from p re v io u s  m achines a r e  th o s e  o f  s i z e  (due t o  th e  s m a l l e r  lo a d s  be ing  
t r a n s f e r r e d )  and th e  p r e c a u t i o n s  ta k e n  to  i s o l a t e  th e  machine from undue 
v i b r a t i o n  d u r in g  th e  i n d e n t in g  c y c l e .  However, c e r t a i n  d e s ig n  f e a t u r e s  
have been ad o p te d  i n  view o f  t h e  more d e l i c a t e  o p e r a t i o n :  f o r  exam ple, 
c r o s s e d - k n i f e  edge b e a r in g s  have been r e p la c e d  by a l o c a t i o n  system  
based  on b a l l s  i n  o r d e r  t o  r e d u c e  th e  e f f e c t s  o f  th e  w e i g h t - c a r r i e r  
sw in g in g .  The a l t e r n a t i v e  a p p ro ach  would have been t o  use  some form o f  
beam sy s te m , b u t  i t  was c o n s id e r e d  t h a t  th e  i n e r t i a  o f  th e  beam would 
have g iv en  r i s e  to  an a d d i t i o n a l  so u rc e  o f  u n c e r t a i n t y .
The NPL machine i s  i l l u s t r a t e d  i n  th e  pho to g rap h  F ig u re  12. A
s ta n d a r d  V ick e rs  i n d e n t e r  i s  mounted a t  th e  to p  o f  t h e  w e i g h t - c a r r i e r ,
w e l l  above i t s  c e n t r e  o f  g r a v i t y .  T h is  i s  low ered  by a b a la n c e d
s p r i n g - s t r i p  a rra n g e m e n t  whioh e n s u re s  t h a t  th e  w e i g h t - c a r r i e r  moves
l i n e a r l y ,  t h e  a x i s  o f  t h i s  movement be ing  a d ju s t e d  t o  be a s  n e a r l y
v e r t i c a l  a s  p o s s i b l e .  The two a r e  coup led  th ro u g h  a  4 mm d ia m e te r
s t a i n l e s s  s t e e l  b a l l  l o c a t e d  between two groups o f  t h r e e  s i m i l a r  b a l l s .
T h is  a rran g em en t  p r o v id e s  k in e m a t ic  l o c a t i o n  f o r  th e  w e ig h t ,  bo th  d u r in g
th e  d e s c e n t  o f  th e  i n d e n t e r  tow ards  th e  s u r f a c e  an d ,  on c o m p le t io n  o f
th e  i n d e n t a t i o n  p r o c e s s ,  d u r in g  rem oval o f  th e  i n d e n t e r .  During r e p e a te d
i n d e n t in g  c y c le s  a r o t a t i o n a l  movement abou t i t s  v e r t i c a l  a x i s  o f  th e
w e i g h t - c a r r i e r  o f  o n ly  a b o u t  0 .1 °  p e r  i n d e n t a t i o n  has  been o b s e rv e d .  I t
i s  th o u g h t  t h a t  t h i s  sm a l l  e f f e c t  i s  due to  th e  e x i s t e n c e  o f  th e  sm a l l
f r i c t i o n a l - f o r c e s  betw een th e  p o i n t s  o f  c o n ta c t  on th e  b a l l s .  A
m in ia tu r e  g e a re d -m o to r  w i th  a b e l t  d r iv e  c o n n e c te d  t o  a  m ic rom ete r
f l e x e s  th e  s p r in g  s t r i p s  c a u s in g  th e  w e i g h t - c a r r i e r  to  move up and down
- 1a t  sp eed s  i n  th e  r an g e  5 - 1 5 0  jams . A n o n - c o n ta c t in g  i n d u c t i v e  s e n s o r
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Fig.  12 T h e  NPL s t a n d a r d  m i c r o - i n d e n t a t i o n  h a r d n e s s  
t e s t i n g  m a c h i n e
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i s  used  to  m easure  t h e  i n d e n t e r  r a t e - o f - d e s c e n t , t h i s  f a c i l i t y  b e in g  
e s p e c i a l l y  u s e f u l  when v e ry  low in d e n te r - s p e c i r a e n  a p p ro a c h - s p e e d s  a r e  
used  when i t  would o th e r w i s e  be  d i f f i c u l t  t o  d e t e c t  v i s u a l l y  th e  p r e c i s e  
moment th e  i n d e n t e r  c o n t a c t s  th e  s u r f a c e .
The a p p a ra tu s  i s  e q u ip p ed  w ith  t h r e e  l e v e l l i n g  f e e t  and i s  mounted on 
a  v i b r a t i o n - i s o l a t i n g  a i r  t a b l e  which i s  c la im ed  to  s u p p re s s  f r e q u e n c ie s  
i n  e x c e s s  o f  2 Hz. A m ic ro sc o p e  i s  a l s o  mounted on a p i l l a r  a d j a c e n t  to  
th e  i n d e n t in g  sys tem  which i s  u sed  t o  s e l e c t  th e  a r e a  o f  i n t e r e s t  t o  be 
i n d e n t e d ,  and once th e  i n d e n t a t i o n  has  been made i t  can be q u a l i t a t i v e l y  
i n s p e c t e d .  A p r e c i s i o n  t r a n s f e r  mechanism i s  i n c o r p o r a t e d  to  e n s u re  t h a t  
t h e  i n d e n t a t i o n  i s  made a t  th e  i n te n d e d  s i t e .  The machine i s  c a p a b le  o f  
t r a n s f e r r i n g  lo a d s  o f  2, 3, 5, 10, and 20 N.
I t  i s  n o t  p o s s i b l e  t o  e s t a b l i s h  th e  a c c u ra c y ,  o r  even r e p e a t a b i l i t y ,  
o f  th e  i n d e n t in g  machine a lo n e  because  i t  c a n n o t  be i s o l a t e d  from th e  
o t h e r  a s p e c t s  o f  th e  m ic ro h a rd n e s s  t e s t ,  i e  th e  d i a g o n a l - l e n g t h  
m easu r ing  system  and th e  n o n - u n i f o r m i ty  o f  t h e  t e s t  b lo ck  m a t e r i a l .  
F u r th e rm o re ,  h a rd n e s s  t e s t i n g  i s  s t r i c t l y  a  d e s t r u c t i v e  t e s t  s i n c e  i t  i s  
n o t  p o s s i b l e  t o  pe rfo rm  a t e s t  tw ic e  i n  e x a c t l y  th e  same p l a c e .  However, 
an e x t e n s i v e  number o f  m easurem ents  have  been pe rfo rm ed  w i th  v e ry  h ig h  
q u a l i t y  m ic ro h a rd n e ss  t e s t  b lo c k s  i n  o r d e r  to  e s t i m a t e  an upper  bound to  
th e  u n c e r t a i n t y  under  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s .  The v a r i a t i o n  o f  
h a rd n e s s  ove r  th e  s u r f a c e  o f  p a r t i c u l a r  b lo ck s  was found t o  be v e ry  
sm a l l  a nd , in d e e d ,  com parab le  w i th  th e  o v e r a l l  r e p e a t a b i l i t y  o f  th e  
h a rd n e s s  m easu rem en ts ,  i e  a b o u t  0 .5 $ .
3 .5  MEASUREMENT
3 .5 .1  The m ic ro scope  system
A b lo c k  d iagram  o f  th e  m easurem ent system  and a ph o to g rap h  o f  th e  
equ ipm ent a r e  shown i n  F ig u re  13 and F ig u re  14 r e s p e c t i v e l y .  T h is  system  
i s  based  upon a c o n v e n t i o n a l ,  h ig h  q u a l i t y  o p t i c a l  m ic ro sc o p e :  th e
.R e ic h e r t  P o ly v a r  M e t ( a l l u r g i c a l )  wide f i e l d  i n c i d e n t  l i g h t  m ic ro sc o p e .  
The P o ly v a r  o p t i c a l  sys tem  i s  d e s ig n e d  to  form a c c u r a t e  images o f  v e ry  
l a r g e  o b j e c t  f i e l d s .  For v i s u a l  v iew ing  t h e r e  i s  a  f i e l d  o f  view number 
24 and w ith  th e  w i d e f i e l d  e y e p ie c e s  10x th e  o b j e c t  can be rep ro d u c e d  
w i th  a v iew ing  a n g le  o f  5 1 ° .  The i n c i d e n t  l i g h t  o b j e c t i v e s  a r e  d e s ig n e d
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a s  p la n  a c h ro m ates  f o r  i n f i n i t e  tu b e  l e n g t h s  and th e  r an g e  o f  
m a g n i f i c a t i o n s  w hich oan be a c h ie v e d  i s  s a id  t o  comply w i th  DIN and ASTM 
s t a n d a r d s  (x16 t o  x 2 0 0 0 ) .  The 100 w a t t  lo w - v o l t a g e  h a lo g e n  lamp (w i th  
c o lo u r  t e m p e ra tu re  3200 K) i s  housed  i n  th e  to p  o f  th e  m ic ro scope  s ta n d  
th e  l i g h t  b e in g  d i r e c t e d  downwards and th e n  v i a  a  m i r r o r  i n t o  th e  
i n c i d e n t  l i g h t  i l l u m i n a t o r .  A h ig h  p r e s s u r e  m ercury  vapour b u rn e r  (which 
g i v e s  an image some seven  t im e s  b r i g h t e r  th a n  th e  h a lo g e n  lamp) i s  
accommodated i n  a h o u s in g  a t t a c h e d  t o  t h e  r e a r  o f  th e  m ic ro scope  s t a n d .  
The l i g h t  from t h i s  s h in e s  d i r e c t l y  fo rw ard s  i n t o  th e  i n c i d e n t  l i g h t  
i l l u m i n a t o r ,  th u s  i n t e r s e c t i n g  th e  h a lo g e n  lamp r a y  p a t h .
S in c e  t h e  P o ly v a r  u s e s  an i n f i n i t y - c o r r e c t e d  tu b e  l e n g t h ,  a  beam 
s p l i t t e r  module f i t t e d  betw een th e  o b j e c t i v e  and th e  e y e p ie c e  t a k e s  ove r  
th e  f u n c t i o n  o f  t h e  c o n v e n t io n a l  opaque i l l u m i n a t o r .  T h is  module can be 
s e l e c t e d  t o  s u i t  t h e  p a r t i c u l a r  i l l u m i n a t i o n  te c h n iq u e  r e q u i r e d ,  f o r  
exam ple: b r i g h t f i e l d ,  d a r k f i e l d ,  p o l a r i z a t i o n ,  f lu o r e s c e n c e  and
i n t e r f e r o m e t r y .  I n s e r t i n g  a p r ism  s l i d e  can a l s o  c r e a t e  Nomarski 
d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  im ag ing . In  th e  norm al b r i g h t f i e l d  
im aging  mode, th e  o p t i c a l  l a y o u t  o f  t h e  i l l u m i n a t i o n  system  e n s u re s  
c l a s s i c a l  KZShler i l l u m i n a t i o n  w ith  f i e l d  and a p e r t u r e  i r i s  d iaphragm s 
a d j u s t a b l e  t o  p roduce  optimum image c o n t r a s t .  A f i l t e r  system  in  th e  
i l l u m i n a t i o n  r a y  p a th  c o n t a i n s  a  s e t  o f  n e u t r a l  d e n s i t y  f i l t e r s  f o r  
su b d u e in g  l i g h t  and an i n t e r f e r e n c e  g re e n  f i l t e r  f o r  i n c r e a s e d  c o n t r a s t .
The image o f  th e  i n d e n t a t i o n ,  r a t h e r  th an  b e in g  m easured th ro u g h  th e  
m ic ro scope  e y e p ie c e s  i s  p r o j e c t e d  on t o  th e  s c r e e n  o f  a Cambridge 
I n s t r u m e n ts  Q uantim et 720 image a n a l y s e r .  There a r e  a number o f  r e a s o n s  
f o r  t h i s ,  some o f  which a r e  co v e red  more f u l l y  a t  a  l a t e r  s t a g e .  
A lthough t h i s  does n o t  i n c r e a s e  r e s o l u t i o n ,  th e  a d d i t i o n a l  (empty) 
m a g n i f i c a t i o n  does s e r v e  t o  im prove v i s i b i l i t y  and a l lo w  th e  o p e r a t o r  to  
s e t  th e  i n d e n t a t i o n  c o r n e r  a g a i n s t  a l i n e  on th e  s c r e e n  ( e l e c t r o n i c a l l y  
g e n e ra te d )  w i th  c o n s id e r a b l y  i n c r e a s e d  r e p e a t a b i l i t y .  F u r th e rm o re ,  th e  
l i n e  i s  v e ry  na rrow  i n  com par ison  w i th  th e  i n d e n t a t i o n  w id th .
3 .5 .2  Methods o f  m easurem ent
There a r e  two m ethods o f  m easurem ent; th e  f i r s t  i s  to  use  th e  image 
a n a ly s e r  t o  g iv e  a d i r e c t  r e a d in g  o f  th e  i n d e n t a t i o n  p r o j e c t e d  a r e a .  
T h is  p r o c e s s  can be c o n t r o l l e d  e n t i r e l y  by th e  d e s k to p  computer (a  
H ew le t t  Packard  9825T) which can i n i t i a t e  m easurem ents and i n s t r u c t
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Q uantim et to  move th e  s t e p p i n g  s t a g e  to  d i f f e r e n t  l o c a t i o n s .  The o n ly  
o p e r a t o r  i n t e r v e n t i o n  r e q u i r e d  i s  f o c u s in g  o f  th e  m ic ro scope  and a 
p r e l i m i n a r y  q u a l i t a t i v e  i n s p e c t i o n  o f  th e  i n d e n t a t i o n  t o  e n s u re  t h a t  i t  
i s  s u i t a b l e  f o r  m easurem ent ( i e  u n s c r a t c h e d ,  unimpeded by d i r t  e t c ) .  The 
second  method i s  more t r a d i t i o n a l .
I n d e n t a t i o n s  a r e  n o t  m easured i n  th e  im age, b u t  i n  th e  o b j e c t  p la n e  
o f  t h e  m ic ro sc o p e .  To t h i s  end , i t  i s  used  e s s e n t i a l l y  a s  a  n u l l i n g  
d e v ic e ;  th e  c o rn e r  o f  th e  i n d e n t a t i o n  i s  a l i g n e d  w i th  a f i d u c i a l  l i n e  
c o in c i d in g  w ith  th e  o p t i c a l  a x i s  and th e  specim en i t s e l f  i s  th e n  
t r a n s l a t e d  u n t i l  th e  o t h e r  c o rn e r  m eets  t h i s  m ark. S in c e  th e  s t a g e  on 
which th e  specim en i s  mounted i s  o n ly  c a p a b le  o f  moving i n  d i s c r e t e  5 jam 
s t e p s ,  a  's u p e r s t a g e *  h as  been c o n s t r u c t e d .  T h is  c o n s i s t s  o f  a l i g h t  
m e ta l  s h e e t  s u p p o r te d  by f o u r  s h o r t  p in s  (ab o u t  10 mm le n g th )  which can 
be pushed by p i e z o - e l e c t r i c  d r i v e r s  making i t s  p o s i t i o n  i n f i n i t e l y  
v a r i a b l e  by up t o  8 jam i n  b o th  t h e  x -  and y d i r e c t i o n s .
The p o s i t i o n  o f  th e  s t a g e  i n  x -y  sp ace  i s  m o n ito re d  by a tw o - a x i s  
H e w le t t  Packard  p la n e  m i r r o r  l a s e r  i n t e r f e r o m e t e r  sy s tem , a l s o  
c o n t r o l l e d  v i a  t h e  9825 d e s k to p  com pute r .  T h is  h a s  a  r e s o l u t i o n  o f  
X /  80 ( where X i s  t h e  w a v e len g th  o f  r e d  he lium  neon l a s e r  l i g h t , i e  
633 nm), t h a t  i s  b e t t e r  th a n  0.01 jam. T h is  p r o c e s s  i s  o n ly  
s e m i-a u to m a t ic  s in c e  an  o p e r a t o r  i s  r e q u i r e d  to  p o s i- t io n  th e  c o r n e r  o f  
t h e  i n d e n t a t i o n  a c c u r a t e l y  a g a i n s t  th e  f i d u c i a l  l i n e .  However, i t  i s  
s t i l l  c o n s id e r a b l y  f a s t e r  and l e s s  o b s e rv e r -d e p e n d e n t  th a n  u s in g  a 
m ic ro scope  m easu r in g  e y e p ie c e .
3 .6  MATERIALS
3 .6 .1  G en e ra l  c o n s i d e r a t i o n s
C l e a r l y ,  when making m ic ro h a rd n e ss  t e s t  b lo ck s  i t  would be most 
s e n s i b l e  t o  use  a m a t e r i a l  w hich can be produced  w i th  th e  g r e a t e s t  
u n i f o r m i ty  and r e p e a t a b i l i t y .  Such a c a n d id a te  i s ,  o f  c o u r s e ,  s i l i c o n  
b ecause  . i t  i s  so w e l l  c h a r a c t e r i s e d ;  bu t  t h i s  h as  two m ajor  
d i s a d v a n t a g e s .  F i r s t l y ,  i t  i s  th o u g h t  t h a t  a t  th e  p r e s s u r e s  which e x i s t  
under  th e  t i p  o f  a h a rd n e s s  i n d e n t e r ,  s i l i c o n  s u f f e r s  a change o f  p h a se ;  
bu t  s e c o n d ly ,  i t  s u f f e r s  from th e  d i s a d v a n ta g e  t h a t  i t  would p ro v id e  a 
b lo c k  o f  o n ly  one h a r d n e s s .  Now, t h i s  problem  a l r e a d y  e x i s t s  t o  a
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c e r t a i n  e x t e n t ,  i n  t h a t  when m a n u fa c tu re r s  s e l l  a machine th ey  u s u a l l y  
s u p p ly  t h e i r  own h a rd n e s s  t e s t  b lo ck  w ith  i t .  Almost i n v a r i a b l y ,  t h i s  i s  
a  f a i r l y  ha rd  s t e e l  o f  V ic k e rs  h a rd n e s s  number abou t 600 (58$ a c c o rd in g  
t o  th e  su rv e y  o f  u s e r s  d e s c r ib e d  i n  S e c t io n  3*2, w i th  ro u g h ly  eq u a l  
numbers above and b e lo w ) .  However, even assuming t h a t  th e  b lo ck  i s  o f  
e x c e l l e n t  q u a l i t y ,  t h i s  i s  on ly  r e a l l y  o f  any use to  a custom er who i s  
a lw ays going  to  be t e s t i n g  sam ples  o f  ro u g h ly  t h i s  h a r d n e s s .  I t  i s  o f  
v e ry  l i t t l e  v a lu e  t o  th e  u s e r  who i s  always t e s t i n g  s o f t  m e ta l s ,  v e ry  
h a rd  m e ta l s ,  o r  n o n -m e ta l s .  So we have th u s  e s t a b l i s h e d  t h a t  t h e r e  i s  a 
need f o r  th e  p r o d u c t io n  o f  a ra n g e  o f  h a rd n e s s  in  t e s t  b lo c k s .
A lthough b lo ck s  o f  h ig h  u n i f o r m i ty  p la y  a v i t a l  r o l e  in  c a l i b r a t i n g  
t e s t i n g  m ach ines ,  th e  whole pu rpose  o f  pe rfo rm in g  a m ic ro h a rd n e ss  t e s t  
i s  t o  a s c e r t a i n  th e  h a rd n e s s  o f  any g iv e n  sam ple; however, o n ly  once th e  
t e s t  has  been p e r f e c t e d  can i t  be used  i n  such  a m anner. In t h i s  work, 
t h e r e f o r e ,  th e  i n t e r e s t  i n  m a t e r i a l s  i s  c o n f in e d  s o l e l y  to  s ta n d a r d  t e s t  
b lo c k s  which a r e  th e  most un ifo rm  m a t e r i a l s  a v a i l a b l e .  The f a c t  t h a t  
p e r f e c t l y  un ifo rm  b lo c k s  ca n n o t  be produced in  p r a c t i c e  means t h a t  
m achines and m easu r ing  sy s tem s  can n o t  be s im p ly  c a l i b r a t e d  s in c e  a 
change i n  i n d e n t a t i o n  s i z e  may be b rough t  abou t  by an e r r o r  in  
measurem ent, a machine m a l fu n c t io n  o r  a r e a l  d i f f e r e n c e  in  b lo ck  
h a rd n e s s  from one p o s i t i o n  to  a n o th e r .
3 .6 .2  Commercial t e s t  b lo c k s
The m ic ro h a rd n e ss  t e s t  b lo c k s  used  f o r  most o f  th e  work d e s c r ib e d  in  
t h i s  t h e s i s  were Ja p an e se  i n  o r i g i n ,  hav ing  been made by th e  Yamamoto 
S c i e n t i f i c  Tool L a b o ra to ry  Co L td .  The Japanese  have a long  h i s t o r y  o f  
t e s t  b lo ck  m a n u fa c tu re ,  and i n  1954, g e n e ra l  r u l e s  r e l a t i n g  to  th e  
m an u fac tu re  o f  s ta n d a r d  b lo c k s  were fo rm u la te d :
1. The b lo ck  m a t e r i a l  must be u n ifo rm , a s  must be th e  b lo c k  q u a l i t y .
2. The b lo ck s  must n o t  e x p e r ie n c e  s e c u l a r  change.
(The same h a rd n e s s  v a lu e  can be o b ta in e d  a t  any t im e  o r  p l a c e . )
3. The b lo c k s  must be p o r t a b l e .
4. They must be a n t i c o r r o s i v e  and s u i t a b l e  f o r  long  u sa g e .
5. The m a t e r i a l s  o f  which th e y  a r e  made must be r e a d i l y  a v a i l a b l e .
6. Where p o s s i b l e ,  th e  same m a t e r i a l  shou ld  be used  f o r  a range  o f  
d i f f e r e n t  h a rd n e s s e s  which a r e  induced  by h e a t  t r e a t m e n t s .
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The p r e f e r r e d  shape  i s  a  c y l i n d r i c a l  d i s c  w i th  one e f f e c t i v e  t e s t i n g  
f a c e .  T h is  f a c e  can t h e r e f o r e  be s u b je c t e d  t o  p r e c i s e l y  c o n t r o l l e d  
h a rd e n in g  p r o c e s s e s ,  a v o id in g  th e  c r e a t i o n  o f  s o f t  s p o t s ;  f u r th e r m o r e ,  
w i th  a c i r o u l a r  b lo c k  th e  e f f e c t i v e  m easurement a r e a  i s  w e l l  d e f i n e d .  
The ten d e n c y  i s  t o  u se  a s  few a l l o y i n g  c o n s t i t u e n t s  a s  p o s s i b l e  so  t h a t  
a s im p le  m e t a l l i c  s t r u c t u r e  can be o b ta in e d  u s in g  a s u i t a b l e  c o o l in g  
r a t e .  To e l i m i n a t e  th e  p o s s i b i l i t y  o f  s e c u l a r  ch an g e ,  b lo c k s  a r e  
s u b je c t e d  t o  t r e a tm e n t  a t  a  t e m p e ra tu re  o f  -77°C which t r a n s f o r m s  most 
o f  th e  r e t a i n e d  a u s t e n i t e  i n t o  r a a r t e n s i t e .  A lthough th e  e x a c t  p r o d u c t io n  
d e t a i l s  a r e  a com m ercial s e c r e t ,  i t  i s  known t h a t  a l l  m ic ro -V ic k e rs  t e s t  
b lo c k s  i n  th e  r an g e  900 HV t o  200 HV a r e  made o f  0.8% carbon  e u t e o t o id  
s t e e l ,  a  m a t e r i a l  known a s  SK5 by th e  J IS .  b r a s s  i s  used  f o r
s o f t e r ,  n o n - f e r r o u s  a l l o y  b lo c k s  t o  c o v e r  th e  r a n g e  180 HV to  80 HV and 
p a r t i c u l a r l y  s o f t  b lo ck s  (40 HV a p p ro x im a te ly )  a r e  made from o x y g e n - f r e e  
co p p e r  s h e e t ,  whose c o m p o s i t io n  i s  d e s c r ib e d  in  J IS  H 3108, "O xygen -f ree  
c o p p e r  s h e e t s  and p l a t e s  f o r  e l e c t r o n  d e v i c e s " . A l l  t h e s e  b lo c k s  a r e  
25 mm i n  d ia m e te r  by 6 mm deep and th e  s t a n d a r d  nom ina l h a rd n e s s  v a lu e  
i s  q u o ted  a s  b e in g  15 i n  t h e  c a se  o f  s t e e l  b lo c k s  and +_ 10 f o r  
n o n - f e r r o u s  b lo c k s .
Once m e t a l l i c a l l y  p r e p a r e d ,  t h e  b lo c k  must be f i n i s h e d ,  f i r s t l y  t o  
remove th e  m ic r o - d e c a r b u r iz e d  l a y e r  produced  by th e  h e a t  t r e a tm e n t  and 
se c o n d ly  t o  e n s u re  p l a n e n e s s  o f  th e  m easu r ing  a r e a  and p a r a l l e l i s m  w ith  
th e  r e v e r s e  s i d e .  However, o a re  must be t a k e n  t o  av o id  undue work 
h a rd e n in g  d u r in g  t h i s  p r o c e s s  which m ight change th e  o v e r a l l  h a rd n e s s  
v a lu e  and a l s o  t h e  u n i f o r m i ty  o f  t h e  s u r f a c e .  M ic ro -V ic k e rs  t e s t  b lo c k s  
a r e  s u b je c t e d  t o  g r i n d i n g ,  l a p p i n g ,  w e t - b u f f in g  and s u p e r f i n i s h i n g ;  th e  
r e v e r s e  b e in g  p l a t e  l a p p e d .  A lthough  c o n s id e r a b l e  e x p e r t i s e  has  been 
dev e lo p ed  i n  t h i s  a r e a  o v e r  t h e  y e a r s ,  p a p e rs  a r e  s t i l l  b e in g  w r i t t e n  
c o n c e rn in g  r e f i n e d  methods o f  im prov ing  th e  s u r f a c e  f i n i s h  o f  m e t a l l i c  
sp e c im en s .  Kamada e t  a l  (1 9 8 2 ) ,  f o r  i n s t a n c e ,  d e s c r i b e  an e l e c t r o l y t i c  
a b r a s i v e  method u s in g  lo o s e  a b r a s i v e s  mixed i n  th e  e l e c t r o l y t e  which 
a l lo w s  th e  s u r f a c e  o f  a s t a i n l e s s  s t e e l  specim en t o  be f i n i s h e d  t o  a 
maximum rou g h n ess  o f  2 nm in  a s h o r t  t im e .
J a p an e se  b lo c k s  a r e  g e n e r a l l y  c a l i b r a t e d  by making f i v e  i n d e n t a t i o n s  
a t  each  o f  t h r e e  lo a d s  (30 k g f ,  1 k g f  and 200 g f )  and th e  h a rd n e s s  ran g e  
s h o u ld  be l e s s  th a n  +_ 5% a t  th e  lo w e s t  load  and l e s s  th a n  +_?,% a t  th e  
h ig h e r  two. Using s t a n d a r d  t e s t  b lo c k s  t o  v e r i f y  a  s ta n d a r d  t e s t i n g  
m achine t h e s e  l i m i t s  i n c r e a s e  t o  +_ 8% and -4-^ 5% r e s p e c t i v e l y .  In  th e
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m id -1 9 7 0 s ,  20 000 b lo c k s  p e r  annum were b e in g  p roduced  i n  Japan  and a 
p i e  c h a r t  i l l u s t r a t i n g  th e  p r o p o r t i o n  u sed  f o r  v a r i o u s  t e s t s - i s  shown i n  
F ig u re  15.
HRC R o c k w e l l  *C" s c a l e
H RB R o c k w e l l  *B" s c a l e
H S S h o r e  h a r d n e s s  s c a l e
HV V i c k e r s  h a r d n e s s  s c a l e
HMV M i c r o - V i c k e r s  h a r d n e s s  s c a l e
HB B r i n e l l  h a r d n e s s  s c a l e
Fig. 15 P ie  c h a r t  i l l u s t r a t i n g  t h e  p e r c e n t a g e  of
h a r d n e s s  t e s t  b l o c k s  m a n u f a c t u r e d  fo r  e a c h  
s c a l e  ( t o t a l  n u m b e r  = 2 0  0 0 0  p a  )
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PROBLEMS INVOLVED IN INDENTATION PRODUCTION
4.1  INTRODUCTION
One o f  t h e  g r e a t e s t  p rob lem s posed  in  th e  s tu d y  o f  m ic r o - i n d e n t a t i o n  
h a rd n e s s  i s  t h e  a p p a r e n t  i n c r e a s e  i n  th e  h a rd n e s s  o f  a  m a t e r i a l  a s  th e  
a p p l i e d  lo a d  i s  r e d u c e d .  T h e o r e t i c a l l y ,  a s  d i s c u s s e d  i n  C hap te r  1, th e  
law o f  g e o m e t r i c a l  s i m i l a r i t y  f o r  p y ra m id a l  i n d e n t e r s  p r e d i c t s  t h a t  
h a rd n e s s  s h o u ld  be e n t i r e l y  in d e p e n d e n t  o f  lo a d ;  how ever, i t  h a s  been 
found  by many i n v e s t i g a t o r s  o v e r  th e  p a s t  few de c ad e s  t h a t  t h i s  i s  n o t  
th e  c a s e .  Btickle (1959) and Mott (1 9 5 7 ) ,  f o r  exam ple , a t t r i b u t e  t h i s  
e f f e c t  t o  t h e  l i m i t e d  number o f  d i s l o c a t i o n s  i n  t h e  s m a l l  volumes 
defo rm ed . Even some n a t i o n a l  s t a n d a r d s  a r e  w r i t t e n  so a s  to  t a k e  a c c o u n t  
o f  t h e  phenomenon. The n a iv e  s o l u t i o n  i s  t h a t  no i n d e n t a t i o n  s m a l l e r  
th a n  100 jam s h o u ld  be m easu red ;  b u t  t h i s  i s  c l e a r l y  i m p r a c t i c a b l e  s in c e  
enormous lo a d s  would be r e q u i r e d  when t e s t i n g  v e ry  h a rd  m a t e r i a l s .  
F u r th e rm o re ,  th e  m achine employed would need t o  be a b l e  t o  a p p ly  lo a d s  
ov e r  a  v e ry  wide ra n g e  and i n  any c a s e ,  such  an i d e a  would l a r g e l y  
d e f e a t  th e  o b j e c t  o f  p e r fo rm in g  a m ic ro h a rd n e ss  t e s t  in  so  f a r  a s  
c r a c k in g  would be c a u s e d ,  t h i n  m a t e r i a l s  c o u ld  no lo n g e r  be t e s t e d  and 
s p a t i a l  r e s o l u t i o n  would be l o s t .
The most commonly a c c e p te d  e x p la n a t i o n  f o r  lo a d  dependence  i s  t h a t  
specim en p r e p a r a t i o n  can r e s u l t  in  work h a rd e n in g  o f  th e  s u r f a c e  l a y e r ,  
g iv in g  r i s e  t o  a  g r e a t e r  h a r d n e s s  v a lu e  a t  low lo a d s  when th e  
i n d e n t a t i o n  i s  s h a l lo w  (Bowden and T abor ,  1964). I t  sh o u ld  be n o te d ,  
how ever, t h a t  t h i s  i s  a  r e a l  e f f e c t  i n  t h a t  th e  m a t e r i a l  i s  g e n u in e ly  
h a r d e r  i n  t h e  s u r f a c e  l a y e r  b e in g  t e s t e d .  A few w orke rs  have  found 
h a rd n e s s  o f  p a r t i c u l a r  m a t e r i a l s  t o  be in d e p e n d e n t  o f  l o a d ,  and some 
have even d e t e c t e d  a d e c r e a s e  i n  m ic ro h a rd n e ss  w i th  lo a d ;  b u t  i t  i s  v e ry  
d i f f i c u l t  t o  a s c e r t a i n  what p r e c a u t i o n s  have been t a k e n  i n  th e  c o u rse  o f  
t h e i r  work to  e l i m i n a t e  e x t r a n e o u s  s o u rc e s  o f  e r r o r  such  a s  v i b r a t i o n .
In  t h i s  c h a p te r  a  wide ra n g e  o f  such  i n f l u e n c e s  i s  c o n s id e r e d  which 
may a f f e c t  th e  t e s t  i t s e l f  ( r a t h e r  th a n  i n  s u b s e q u e n t  i n d e n t a t i o n  
m easurem ent) g iv in g  r i s e  t o  an  i n a c c u r a t e  m ic ro h a rd n e ss  v a lu e .  In  most 
c a s e s ,  p r e v io u s  sound work i s  d i s c u s s e d  and t h i s  i s  supp lem en ted  by
CHAPTER 4
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e x p e r im e n ta l  e v id e n c e  a c q u i r e d  a t  NPL. I t  i s  shown t h a t  g r e a t  c a r e  i s  
r e q u i r e d  t o  re d u c e  c e r t a i n  s o u rc e s  o f  e r r o r  (such  a s  v i b r a t i o n ) ,  w hereas  
o t h e r s  (eg  i n d e n t e r  geom etry)  a r e  a l r e a d y  c o n t r o l l e d  by n a t i o n a l  
s t a n d a r d s  to  such  a d e g re e  t h a t  any e r r o r s  a r e  o f  n e g l i g i b l e  m ag n i tu d e .
4 .2  INDENTATION POSITIONING
4 .2 .1  Specimen t h i c k n e s s  and i n d e n t a t i o n  s e p a r a t i o n
I t  i s  w e l l  known t h a t  an e r ro n e o u s  m ic ro h a rd n e ss  v a lu e  may be 
o b ta in e d  i f  t h e  sam ple b e in g  t e s t e d  i s  to o  t h i n ,  o r  i f  i n d e n t a t i o n s  a r e  
p la c e d  to o  c lo s e  t o g e t h e r  o r  t o  th e  edge o f  th e  spec im en ;  however, i t  i s  
d i f f i c u l t  t o  p u t  f i g u r e s  on th e  d i s t a n c e s  in v o lv e d .  Ever s in c e  Hankins 
and Aldous (1 9 3 4 ) ,  many w o rk e rs  have  deve loped  e m p i r i c a l  r e l a t i o n s h i p s  
and i t  i s  g e n e r a l l y  a c c e p te d  t h a t  t h e  specim en t h i c k n e s s  sh o u ld  be abou t  
t e n  t im e s  th e  d e p th  o f  a  V ic k e rs  i n d e n t a t i o n ,  o r  a b o u t  one and a h a l f
t im e s  i t s  d ia g o n a l  l e n g t h  s i n c e  i t  i s  found t h a t  when th e  i n d e n t a t i o n
d e p th  ex ceed s  t h i s ,  t h e  h a rd n e s s  no lo n g e r  a p p e a r s  in d e p e n d e n t  o f  th e  
lo a d  a s  th e  s u b s t r a t e  b e g in s  t o  have an e f f e c t  on th e  m a t e r i a l  d i s p l a c e d  
d u r in g  th e  i n d e n t a t i o n  p r o c e s s .
I n d e n t a t i o n  s e p a r a t i o n  h a s  a l s o  been th e  s u b j e c t  o f  c o n s id e r a b l e  
s tu d y ,  b u t  i n  t h i s  c a se  d e fo r m a t io n  o f  th e  s u r f a c e  i n  th e  r e g i o n - o f  an 
i n d e n t a t i o n  can be s tu d i e d  d i r e c t l y  by i n t e r f e r e n c e  t e c h n i q u e s .  These 
have l e d  t o  t h e  g e n e r a l l y  s a f e  r u l e  t h a t  i n d e n t a t i o n s  sh o u ld  be
s e p a r a t e d  by more th a n  2 .5  t im e s  th e  d ia g o n a l  l e n g t h  o f  a V ic k e rs
i n d e n t a t i o n .  BS 427 s t a t e s  t h a t  ’ th e  t h i c k n e s s  o f  t h e  t e s t  p ie c e  o r  o f  
t h e  l a y e r  unde r  t e s t  s h a l l  be a t  l e a s t  1 .5  t im e s  t h e  d ia g o n a l  o f  th e  
[ V ic k e r s ]  i n d e n t a t i o n 1 and t h a t  ' t h e  d i s t a n c e  betw een th e  c e n t r e s  o f  any 
i n d e n t a t i o n  and any edge o f  t h e  t e s t  p i e c e  o r  edge o f  any o t h e r  
i n d e n t a t i o n  s h a l l  be n o t  l e s s  th a n  2 .5  t im e s  th e  d ia g o n a l  o f  th e  
[ V ic k e r s ]  i n d e n t a t i o n ' . The j u s t i f i c a t i o n  f o r  th e  r u l e  c o n c e rn in g  
i n d e n t a t i o n  s e p a r a t i o n  can be se en  by c o n s id e r in g  F ig u re  16 which shows 
a  t y p i c a l  i n d e n t a t i o n  a round  which a r e  i n t e r f e r e n c e  f r i n g e s  r e p r e s e n t i n g  
m a t e r i a l  p i l e d - u p .  I t  i s  c l e a r  t h a t  t h i s  d i s t o r t e d  r e g io n  does n o t  
e x te n d  f u r t h e r  t h a n ' one d ia g o n a l  l e n g t h  from th e  i n d e n t a t i o n  i n  any 
d i r e c t i o n ,  so  i n d e n t a t i o n s  p la c e d  more th a n  2 d a p a r t  sh o u ld  n o t  
i n t e r a c t .  More w i l l  be s a id  c o n c e rn in g  th e  i n t e r f e r o m e t r i c  e x a m in a t io n  
o f  i n d e n t a t i o n s  i n  a l a t e r  c h a p te r  when th e  measurem ent o f  i n d e n t a t i o n  
d e p th  i s  c o n s id e r e d .
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Fig.  16 W h i t e  l ight  i n t e r f e r e n c e  p h o t o g r a p h  s h o w i n g  t h e  
e x t e n t  of m a t e r i a l  p i l e d - u p  a r o u n d  a  Vi ck ers  
i n d e n t a t i o n
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The l i m i t a t i o n s  on d e p th  a r e  r a r e l y  found s e v e r e  e x c e p t  i n  t h e  c a se  
o f  t h i n  f i l m s .  As a g e n e r a l  g u id e ,  s i n c e  i n d e n t a t i o n s  a s  sm a l l  a s ,  s a y ,  
10 jam d ia g o n a l  l e n g t h  can be m easured o p t i c a l l y ,  p rob lem s w i l l  o n ly  
a r i s e  when i t  i s  d e s i r e d  t o  t e s t  a  specim en o f  t h i c k n e s s  l e s s  th an  
15 jam. I n d e n t a t i o n  s e p a r a t i o n ,  how ever, i s  o f t e n  a g r e a t e r  p rob lem . When 
o b t a i n in g  a c a se  h a rd e n in g  p r o f i l e  o f  h a rd n e s s  w i th  r e s p e c t  t o  d e p th  on 
a m e t a l l i o  c r o s s  s e c t i o n ,  f o r  i n s t a n c e ,  i t  i s  im p o r ta n t  t h a t  a s  many 
i n d e n t a t i o n s  a s  p o s s i b l e  be u sed  t o  im prove s p a t i a l  r e s o l u t i o n  and a l s o  
t h a t  th e y  be p la c e d  a s  n e a r  a s  p o s s i b l e  t o  t h e  specim en edge . I t  i s  
f r e q u e n t l y  found t h a t  two p a r a l l e l  rows o f  i n d e n t a t i o n s  a r e  made v e ry  
c lo s e  t o g e t h e r ,  t h e  i n d e n t a t i o n  p o s i t i o n s  i n  one c o r r e s p o n d in g  w i th  gaps 
i n  th e  o t h e r .  A nother problem  a r e a  i s  where i t  i s  r e q u i r e d  t o  t e s t  a 
v e ry  sm a l l  r e g io n  o f  a  l a r g e r  sam p le ,  f o r  example one p a r t i c u l a r  g r a i n  
i n  a  m e ta l ,  which may have d im e n s io n s  com parab le  w i th  th e  i n d e n t a t i o n  
s i z e .  In d e e d ,  a s  d i s c u s s e d  e l s e w h e r e ,  a m ic ro h a rd n e ss  t e s t  can o n ly  be 
c o n f i d e n t l y  c a r r i e d  o u t  on a m a t e r i a l  whose g r a i n  s i z e  i s  e i t h e r  v e ry  
much l a r g e r  o r  v e ry  much s m a l le r  th a n  th e  i n d e n t a t i o n  b e in g  p roduced .
4 . 2 . 2  S in g le  c r y s t a l s
I t  sh o u ld  be n o te d  t h a t  th e  f o re g o in g  d i s c u s s i o n  a p p l i e s  o n ly  t o  
homogeneous m a t e r i a l s .  A lthough  i t  i s  o n ly  such  m a t e r i a l s  which c oncern  
us i n  t h i s  work, i t  i s  im p o r ta n t  t o  m en tion  t h a t  in  a n i s o t r o p i c  
spec im ens  ( p a r t i c u l a r l y  s i n g l e  c r y s t a l s )  th e  s i t u a t i o n  i s  q u i t e  
d i f f e r e n t .  The r e a d e r  i s  p a r t i c u l a r l y  r e f e r r e d  t o  C hap te r  18 o f  
T o la n sk y ’ s book (1960) which c o n t a i n s  a  f u l l  d i s c u s s i o n  o f  th e  s u b j e c t .  
I t  i s  shown (by i n t e r f e r o m e t r i c  m ethods) t h a t  s u r f a c e  d i s t o r t i o n  a round 
i n d e n t a t i o n s  on s i n g l e  c r y s t a l s  can  be a p p r e c i a b l e  up t o  a d i s t a n c e  o f  
a t  l e a s t  s i x  d i a g o n a l s .  T h is  i m p l ie s  t h a t  i n d e n t a t i o n s  i n  such  m a t e r i a l s  
s h o u ld  be s e p a r a t e d  by a t  l e a s t  tw e lv e  t im e s  t h e  d ia g o n a l  l e n g t h .  
F u r th e rm o re ,  t h e  d i s t o r t i o n  may w e l l  n o t  be sy m m e tr ic a l  on o p p o s i t e  
s i d e s  o f  th e  i n d e n t a t i o n  due t o  t h e  c r y s t a l  axes  n o t  b e in g  p a r a l l e l  to  
t h e  s u r f a c e .  V ig d o ro v ic h  e t  a l  (1981) have d i s c u s s e d  th e  optimum 
c o n d i t i o n s  f o r  m easu r ing  t h e  m ic ro h a rd n e ss  o f  p l a s t i c  m o n o c r y s ta l s ,  
recommending t h a t  p l a s t i c a l l y  deform ed zones a round  i n d e n t a t i o n s  
( e s t im a te d  by i n t e r f e r o m e t r y )  sh o u ld  n o t  o v e r l a p ,  no r  sh o u ld  th e  
d i s l o c a t i o n  r o s e t t e s  a round  th e  i m p r in t s  ( e s t im a te d  by e t c h i n g ) .  Yoo 
e t  a l  (1981) have even used  r e f l e c t i o n  X -ray  to p o g ra p h y  t o  s tu d y  work 
h a rd e n in g  and a n i s o t r o p y  e f f e c t s  a s s o c i a t e d  w ith  V ic k e rs  and Knoop 
i n d e n t a t i o n  o f  copper  s i n g l e  c r y s t a l s .
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V ib r a t io n  w i l l  c e r t a i n l y  c au se  a l a r g e r  i n d e n t a t i o n  t o  be made and 
t h e r e f o r e  an a p p a r e n t  d e c re a s e  i n  h a r d n e s s ,  b u t  i s  t h e  e f f e c t  g r e a t e r  a t  
low er  lo a d s  a n d /o r  in  s o f t e r  m a t e r i a l s ?
4.3*1 The work o f  Kennedy and M a rro t te
Some o f  th e  b e s t  work t o  be done on t h i s  s u b j e c t  t o  d a te  was 
pe rfo rm ed  i n  th e  l a t e  1960s by Kennedy and M a r ro t te  (1 9 6 9 ) .  I t  was 
r e a l i s e d  t h a t  h a rd n e s s  t e s t i n g  m achines were o f t e n  s i t e d  i n  a r e a s  w i th  a 
h ig h  background l e v e l  o f  v i b r a t i o n  and y e t  l i t t l e  had been done to  
q u a n t i f y  t h e  e f f e c t  on m ic r o h a r d n e s s .  In  t h e i r  t e s t s  th e  machine was 
e s s e n t i a l l y  i s o l a t e d  from e x t e r n a l  shock  by a s p r i n g  s u s p e n s io n  sy s te m , 
and c o n t r o l l e d  shock  v i b r a t i o n s  were th e n  a p p l i e d  t o  t h e  machine once 
th e  i n d e n t e r  was i n  t h e  s u r f a c e  o f  th e  t e s t  spec im en . As e x p e c te d ,  i t  
was found t h a t  v i b r a t i o n s  i n  a  v e r t i c a l  d i r e c t i o n  ( a lo n g  th e  a x i s  o f  th e  
i n d e n t e r )  produced  a f a r  g r e a t e r  e f f e c t  th an  th o s e  p e r p e n d ic u l a r  to  i t .
4 . 3 . 2  NPL e x p e r im e n ta l  i n v e s t i g a t i o n
In  o r d e r  t o  i n v e s t i g a t e  th e  e f f e c t  o f  a c o n t in u o u s  l e v e l  o f  
background v i b r a t i o n  (su c h  a s  m igh t be e n c o u n te re d  on th e  shop f l o o r )  an 
e l e c t r o m a g n e t i c  s h a k e r  was used  by th e  a u th o r  t o  g e n e r a te  v i b r a t i o n s  a t  
a  g iv e n  f re q u e n c y  ( a r b i t r a r i l y  s e t  a t  119 Hz) and th e  a m p l i tu d e  v a r i e d  
t o  s u b j e c t  th e  m ic ro h a rd n e ss  t e s t e r  t o  v i b r a t i o n s  o f  up t o  0 .05  G a l .  The 
e x p e r im e n t  was pe rfo rm ed  u s in g  a ' h a r d ’ (850 HV) and a ' s o f t '  (255 HV) 
b lo c k  and a p p l i e d  lo a d s  o f  100, 500 and 1000 g f  c o r r e s p o n d in g  t o  th e
work o f  Kennedy and M a r r o t t e .  The r e s u l t s  show some re m a rk a b le  agreem ent 
w i th  t h i s  e a r l i e r  work; how ever, a l l  e x p e r im e n ts  were perfo rm ed  u s in g  a 
V ic k e rs  i n d e n t e r  a s  opposed t o  Kennedy and M a r r o t t e ' s  Knoop i n d e n t e r  
which makes q u a n t i t a t i v e  com parison  d i f f i c u l t .  F u r th e rm o re ,  such  
c o n t in u o u s  v i b r a t i o n ,  p a r t i c u l a r l y  a t  l a r g e  a m p l i tu d e  caused  th e  
i n d e n t e r  to  bounce on th e  b lo c k  s u r f a c e ,  i n v a l i d a t i n g  th e  o b s e r v a t io n .
4.3 VIBRATION
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Fig .  17 S u m m a r y  of a c c e l e r a t i o n  e x p e r i m e n t  r e s u l t s  
for  a  h a r d  b l o c k
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i
The r e s u l t s  o b t a in e d  a r e  d e p ic t e d  g r a p h i c a l l y  i n  F ig u re  17, and 
sum m aris ing  th e  c o n c lu s io n s  i n  a  s i m i l a r  manner t o  Kennedy and M a rro t te  
we f in d :
- 21. Continuous a c c e l e r a t i o n s  o f  up t o  44 mGal (17 in c h  s ) caused  no 
a p p r e c i a b l e  change i n  i n d e n t a t i o n  l e n g t h  when u s in g  a lo a d  o f  
1000 g f .
2. When a lo a d  o f  500 g f  was u s e d ,  how ever, i n d e n t a t i o n  l e n g t h  i n c r e a s e d  
f a i r l y  l i n e a r l y  w i th  v i b r a t i o n  i n t e n s i t y ,  th e  e f f e c t  b e in g  s i m i l a r  
f o r  e i t h e r  b lo c k .  The i n c r e a s e  o b se rv e d  a t  30 mGal (Kennedy and 
M a r r o t t e ’ s maximum) was a b o u t  7$ (4 jam in  60 jam).
3. When a lo ad  o f  500 g f  was u s e d ,  th e  V ic k e rs  m ic ro h a rd n e ss  v a lu e  
d e c re a s e d  f a i r l y  l i n e a r l y  w i th  v i b r a t i o n  i n t e n s i t y ,  th e  e f f e c t  b e in g  
s i m i l a r  f o r  e i t h e r  b lo c k .  The d e c re a s e  o b se rv e d  a t  30 mGal (Kennedy 
and M a r r o t t e ' s  maximum) was a b o u t  12$.
4. When a lo a d  o f  500 g f  was u s e d ,  th e  p e rc e n ta g e  d e c re a s e  i n  V ic k e rs  
m ic ro h a rd n e ss  i n c r e a s e d  f a i r l y  l i n e a r l y  w ith  v i b r a t i o n  i n t e n s i t y ,  th e  
e f f e c t  b e in g  s i m i l a r  f o r  e i t h e r  b lo c k .  The maximum i n c r e a s e  o b se rv e d  
was a b o u t  14$.
5. The g r e a t e s t  d e p a r t u r e  o f  d a ta  p o i n t s  from th e  l i n e  o f  b e s t  f i t  t o  
t h e  r e s u l t s  was a p p ro x im a te ly  2$ m ic r o h a r d n e s s , c o r r e s p o n d in g  to  a 
v i b r a t i o n  i n t e n s i t y  o f  s l i g h t l y  l e s s  th a n  2 in o h  s .
6. By c a l c u l a t i n g  th e  e q u i v a l e n t  i n c r e a s e d  t e s t  lo a d  n e c e s s a r y  t o  
p roduce  th e  l a r g e r  i n d e n t a t i o n s ,  t h i s  was found t o  be s i m i l a r  f o r  
e i t h e r  b lo c k .
F o l lo w in g  on from c o n c lu s io n  5, ( th e  v a lu e  o f  which a g re e s  e x a c t ly
w i th  Kennedy and M a r r o t t e ) ,  i t  was s t a t e d  t h a t  an a c c e l e r a t i o n  l e v e l  o f
-2a p p ro x im a te ly  2 in o h  s caused  an e f f e c t  o f  th e  same m agnitude  a s  th e  
e x p e r im e n ta l  e r r o r ,  and t h e r e f o r e  t h a t  when u s in g  t h e i r  p a r t i c u l a r  
m achine w ith  a  lo a d  o f  100 g f  o r  l e s s  th e  system  s h o u ld  be i s o l a t e d  from 
v i b r a t i o n s  g r e a t e r  th a n  t h i s .  In  t h e i r  work, shock  v i b r a t i o n  was 
p ro v id e d  by s i n g l e  and (up t o  e i g h t )  r e p e a te d  blows b e in g  a p p l i e d  to  th e  
machine w h i le  th e  i n d e n t e r  was r e s i d i n g  i n  th e  t e s t  s u r f a c e .  Using th e  
c u r r e n t  method i t  was n o t  p o s s i b l e  t o  o b t a in  s e n s i b l e  r e s u l t s  u s in g  
lo a d s  l e s s  th a n  500 g f .  The v a lu e s  o f  d ia g o n a l  l e n g t h  i n c r e a s e  a c t u a l l y  
o b ta in e d  when u s in g  th e  s o f t  b lo c k  have been p l o t t e d  ( se e  F ig u re  18) , 
b u t  th e y  do n o t  d i s p l a y  th e  same l i n e a r i t y  a s  when u s in g  h ig h e r  l o a d s .  
However, t h i s  i s  due t o  o t h e r  e f f e c t s  e n t e r i n g  i n t o  th e  e x p e r im e n t ,  such  
a s  th e  i n d e n t e r  a c t u a l l y  bouncing  o f f  th e  s u r f a c e .  The o t h e r  f a c t o r
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Fig.  18 S u m m a r y  of a c c e l e r a t i o n  e x p e r i m e n t  r e s u l t s  
for  a  s o f t  b l o c k
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which r e q u i r e s  some e x p la n a t i o n  i s  th e  anom alously  sm a l l  i n d e n t a t i o n  on 
t h e  h a rd  b lo ck  a t  a v i b r a t i o n  l e v e l  o f  5 mGal. T h is  was u n d o u b ted ly  due 
t o  a h a rd  s p o t  i n  th e  t e s t  b lo c k  i t s e l f .  I t  sh o u ld  be remembered t h a t  a 
c e r t a i n  amount o f  u n c e r t a i n t y  i n  th e  r e s u l t s  must a lw ays be a t t r i b u t a b l e  
t o  n o n - u n i f o r m i ty .  I t  i s  a l s o  im p o r ta n t  t o  n o te  t h a t  th e  v i b r a t i o n  
c h a r a c t e r i s t i c s  a r e  v e ry  l a r g e l y  dependen t  upon th e  m echan ica l  
c o n s t r u c t i o n  o f  t h e  machine and a l th o u g h  such  e x p e r im e n ts  can i l l u s t r a t e  
a  g e n e r a l  t r e n d ,  th e  a c t u a l  l e v e l  o f  v i b r a t i o n  a t  any g iv e n  p o i n t  on th e  
machine ( such  a s  a t  t h e  i n d e n t e r  t i p )  may d i f f e r  m arked ly  from t h a t  o f  
th e  bench on which th e  t e s t e r  i s  s i t e d .
4 .4  INDENTER SHAPE
There a r e  a number o f  e r r o r s  which may a r i s e  i n  c o n n e c t io n  w ith  th e  
i n d e n t e r  geom etry .  However, t h e  n a t i o n a l  s t a n d a r d s  which have been 
p u b l i s h e d  seem t o  be v e ry  much i n  ag reem en t o v e r  th e  d e f i n i t i o n  o f  
i n d e n t e r  form . F u r th e rm o re ,  t h e  t o l e r a n c e s  demanded a r e  so  s t r i n g e n t  
t h a t ,  i f  f o l lo w e d ,  no a p p r e c i a b l e  e r r o r  w i l l  r e s u l t  u n l e s s  th e  i n d e n t e r  
i s  a c t u a l l y  damaged, eg c h ip p e d ,  a f t e r  c e r t i f i c a t i o n .  The g e o m e t r i c a l  
form o f  p y ram id a l  i n d e n t e r s  can  be a s c e r t a i n e d  w ith  g r e a t  a c c u ra c y  u s in g  
c o n v e n t io n a l  t e c h n iq u e s  o f  a n g le  measurement (g o n io m e te rs )  so  t h i s  
p r o c e s s  w i l l  n o t  be r e s p o n s i b l e  f o r  i n t r o d u c in g  any n o t i c e a b l e  e r r o r .  
Having s t a t e d  t h i s ,  i t  s h o u ld  be remembered t h a t  a l th o u g h  th e  i n d e n t e r  
form may be n e a r l y  p e r f e c t  away from th e  t i p ,  i t  i s  a  more c o m p l ic a te d  
p ro c e d u re  t o  v e r i f y  th e  geom etry  w i th in  th e  l a s t  m ic rom etre  o r  s o .  
A lthough t h i s  w i l l  be u n im p o r ta n t  t o  most u s e r s ,  i f  i n d e n t a t i o n s  o f  l e s s  
th a n  20 jam d ia g o n a l  l e n g t h  a r e  r e q u i r e d ,  th e  d e p th  w i l l  be l e s s  th an  
3 jam so  th e  v e ry  t i p  c o u ld  p la y  a s i g n i f i c a n t  p a r t  i n  i n t r o d u c in g  
u n c e r t a i n t y .
Wood e t  a l  (1981) have  c a l c u l a t e d  t h e  e r r o r s  i n  h a rd n e s s  e q u iv a l e n t  
t o  t h e  l i m i t  o f  each  t o l e r a n c e  quo ted  by th e  B r i t i s h  S ta n d a rd s  
I n s t i t u t i o n  f o r  V ic k e r s ,  and p roposed  c o r re s p o n d in g  v a lu e s  f o r  Knoop 
i n d e n t e r s .  The r e s u l t s  a r e  t a b u l a t e d  in  Appendix 2.
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I t  may be i n s t r u c t i v e ,  how ever, t o  c o n s id e r  t h e  m agnitude  o f  c e r t a i n  
p a ra m e te r s  n e c e s s a r y  t o  c a u se  a s i g n i f i c a n t  ( s a y  1$) e r r o r  i n  th e  
c a l c u l a t e d  v a lu e  o f  h a r d n e s s .
a)  Angle between o p p o s i t e  f a c e s  o f  th e  i n d e n t e r  -  see  F ig u re  19
b) Angle betw een a d j a c e n t  f a c e s  o f  th e  i n d e n t e r  -  see  F ig u re  20
c) I n d e n t e r  r i d g e  l e n g t h  -  se e  F ig u re  21
A lthough th e  g e o m e t r i c a l  form i s  w e l l - d e f i n e d ,  i t  i s  im p o r ta n t  a l s o  
t o  c o n s id e r  t h e  s u r f a c e s  o f  th e  i n d e n t e r  f a c e s  th e m s e lv e s .  BS 427 s t a t e s  
t h a t  ’ the  i n d e n t e r  s h a l l  be examined t o  a s c e r t a i n  t h a t  th e  diamond i s  
w e l l  p o l i s h e d  and f r e e  from c ra c k s  o r  s u r f a c e  d e f e c t s ’ , b u t  does n o t  
g iv e  any q u a n t i t a t i v e  g u id an c e  a s  t o  th e  f i n i s h  r e q u i r e d .  
To lansky  (1960) d i s c u s s e s  th e  c a se  where an i n t e r f e r o m e t r i c  e x a m in a t io n  
o f  th e  specim en s u r f a c e  showed a n o n -sy m m etr ic a l  p a t t e r n  o f  m a t e r i a l  
p i l e d - u p  around  th e  i n d e n t a t i o n .  A lthough i n c l i n e d  t o  a t t r i b u t e  t h i s  to  
a n i s o t r o p y  o f  th e  spec im en , i n t e r f e r o g r a m s  o f  th e  i n d e n t e r  f a c e s  (which 
conform ed to  th e  r e q u i r e d  g e o m e t r i c a l  t o l e r a n c e s )  r e v e a le d  t h a t  two 
a d j a c e n t  f a c e s  were n o t  w e l l  p o l i s h e d ,  one b e in g  p a r t i c u l a r l y  ra g g e d .  
A f te r  r e p o l i s h i n g  a much more sy m m e tr ic a l  i n t e r f e r e n c e  p a t t e r n  was 
produced  around  th e  i n d e n t a t i o n ,  i n d i c a t i n g  t h a t  d ra g g in g  o f  th e  
m a t e r i a l  had i n  f a c t  been cau sed  by an i m p e r f e c t l y  p o l i s h e d  i n d e n t e r .  
There  i s  a l s o  th e  q u e s t i o n  o f  c o n ta m in a t io n  o f  th e  diamond i t s e l f .  I t  i s  
q u i t e  c o n c e iv a b le  t h a t  t e s t i n g  c e r t a i n  m a t e r i a l s  may a d h e re  t o  i t s  
s u r f a c e ,  th e r e b y  a l t e r i n g  t h e  c o e f f i c i e n t  o f  f r i c t i o n  and in t r o d u c in g  
s i g n i f i c a n t  e r r o r .
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Fig. 19 Error due to indenter apex angle
<------  oL/VST  >
A
cL/vS-
V
p
S u r f a c e  a r e a  o f  i n d e n t a t i o n  = d /  2 cos© 
n o r m a l l y ,  a  = 136° so  © = 2 2 °
A ssum ing t h a t  f o r  a  g i v e n  m a t e r i a l  t h e  s u r f a c e  a r e a  o f  t h e  i n d e n t a t i o n  
w i l l  be c o n s t a n t  w h a te v e r  t h e  v a l u e s  o f  a  and  0:
d = V s u r f a c e  a r e a  x 2 cos©
now h a r d n e s s  e r r o r  o f  1$ i m p l i e s  e r r o r  i n  d o f  0 .5 $
s i n c e  d = c o n s t a n t  x a/ co s© when © = 2 2 ° ,  V c o s 0  = 0 .9 6 2 9
s o  we w ish  t o  know 0 s u c h  t h a t  a/ cos© = 0 .9 6 7 7
an d  0 s u c h  t h a t  a/ cos0 = 0 .9581
T hese  v a l u e s  o f  0 t u r n  o u t  t o  be 2 0 .5 °  and  2 3 * 4 °  r e s p e c t i v e l y
T h e r e f o r e ,  t h i s  c a l c u l a t i o n  r e v e a l s  t h a t  t h e  a p e x  a n g l e  m ust be 
i n  t h e  r a n g e  136° + 2 . 8 °  t o  i n t r o d u c e  a  h a r d n e s s  e r r o r  
o f  l e s s  t h a n  1$.
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F ig .  20 E r r o r  due to  n o n - sq u a re  i n d e n t e r  
A
ol
V
<—
a c t u a l  a r e a  
c a l c u l a t e d  a r e a
so  d i f f e r e n c e
I f  a r e a  ( i e  h a rd n e s s )  e r r o r  < 12,
2
1 / , x N2 v x x N2 2j  (d  + j )  > 100 g— so  (d + - )  > 25 x
t h u s  d > 4 .5 x
The s i t u a t i o n  where d = 4 .5 x  i s  i l l u s t r a t e d  in  th e  d iagram  below:
= 2 ( j  Cd + x) ^  d }
= ^  (d2 + dx)
= 0. (d + f)2
2
= Y (d2 + dx + — •)
x £
" 8
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Fig. 21 Error due to chisel edge
a  + jc.
a c t u a l  a re a  
c a l c u l a t e d  a r e a :
= a + ax
r  ^2 2( a  + x) + a
i p  p p
= — (a  + 2ax + x + a ) a  + ax
So d i f f e r e n c e  = —2
2 2
I f  a r e a  ( i e  h a rd n e s s )  e r r o r  < 1$, > 100 y - so  d >
I f  d = 10x: 100 x2 = 2a2 + 2ax + x2
2a2 + 2ax -  99x2 = 0
x = .2a + V  4 a 2 + (8 a2 ♦ 99) 
4a2 _
»2a + V  796a2 
4 a2
6.553
a
so  i f  x = 1, a  = 6 .5 5 3
T h is  s i t u a t i o n  i s  i l l u s t r a t e d  in  th e  d iagram  below
10x
7 !
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4 .5  READING ERRORS
A lthough t h i s  s u b j e c t  w i l l  be d i s c u s s e d  i n  much g r e a t e r  d e t a i l  a t  a 
l a t e r  s t a g e ,  i t  i s  w orth  m en t io n in g  h e re  th e  e f f e c t  o f  i n t r o d u c in g  a 
s y s t e m a t i c  e r r o r  i n t o  a  r e a d in g  o f  th e  i n d e n t a t i o n  s i z e .  T h is  co u ld  
e a s i l y  be b ro u g h t  a b o u t ,  by i n a c c u r a t e  c a l i b r a t i o n  o f  th e  m easurement 
s c a l e ,  f o r  i n s t a n c e .  F ig u re  22 shows th e  e f f e c t  o f  a 12 n e g a t iv e  r e a d in g  
e r r o r  on th e  a p p a re n t  h a rd n e s s  v a lu e  c a l c u l a t e d .  The most s t r i k i n g  
f e a t u r e  i s  how t h i s  s e t  o f  c u rv e s  c o r r e s p o n d s  t o  th e  d a ta  o f t e n  
p u b l i s h e d  p u r p o r t i n g  t o  show a r e a l  i n c r e a s e  i n  h a rd n e s s  w i th  d e c r e a s in g  
l o a d .  The e f f e c t  i s  o b v io u s ly  s m a l l e s t  when p ro d u c in g  l a r g e  
i n d e n t a t i o n s ,  i e  when t e s t i n g  s o f t  m a t e r i a l s  a t  h ig h  l o a d s .  However, 
t h e r e  i s  c l e a r l y  a  s i g n i f i c a n t  a r e a  c ove red  by th e  m ic r o - i n d e n t a t i o n  
h a rd n e s s  t e s t  where such  an e f f e c t  w i l l  i n t r o d u c e  a c o n s id e r a b l e  e r r o r .
F ig u re  23, on th e  o t h e r  hand , q u a n t i f i e s  th e  i n a c c u r a c i e s  in t r o d u c e d  
i n t o  th e  c a l c u l a t i o n  o f  a  h a rd n e s s  v a lu e  by a c o n s t a n t  r e a d in g  e r r o r .  
F o r  i n s t a n c e ,  a r e a d in g  e r r o r  o f  1 jam i n t r o d u c e s  a 22 e r r o r  i n  h a rd n e s s  
when th e  i n d e n t a t i o n  i s  100 jam i n  l e n g t h ,  b u t  t h i s  i n c r e a s e s  t o  102 a s  
t h e  i n d e n t a t i o n  s i z e  i s  red u c e d  t o  20 jam. Even i f  th e  r e a d in g  e r r o r  i s  
o n ly  0 .2  jam, th e  o v e r a l l  h a rd n e s s  a c c u ra c y  becomes 22 when th e  
i n d e n t a t i o n  i s  t h i s  s m a l l .
4 .6  INDENTATION ALIGNMENT
A lthough n o t  due t o  t h e  form o f  th e  i n d e n t e r  i t s e l f ,  a c e r t a i n  
r e a d in g  e r r o r  may be i n t r o d u c e d  by m easu r ing  th e  d im ens ions  o f  an 
i n d e n t a t i o n  which i s  i n c o r r e c t l y  a l i g n e d  i n  th e  m ic ro scope  f i e l d  o f  
v iew . T h is  i s  o f t e n  g l i b l y  d i s m is s e d  a s  b e in g  s im p ly  a c o s in e  e r r o r  o r  
second  o r d e r  e f f e c t  and t h e r e f o r e  u n im p o r ta n t .  W h ils t  t h i s  may in d ee d  be 
th e  c a s e ,  i t  i s  w o r th w h ile  c o n s id e r in g  when th e  e f f e c t  does become 
s i g n i f i c a n t .  F ig u re  24 q u a n t i f i e s  th e  e r r o r  and s e r v e s  to  i l l u s t r a t e  
t h a t  t h e  r o t a t i o n  must be q u i t e  n o t i c e a b l e  b e fo r e  any s i g n i f i c a n t  e r r o r  
i s  i n t r o d u c e d .
11
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0°
1
c o s  0 
0 . 9 9 9 8
% h a r d n e s s  
e r r o r
0 . 0 4
2 0 . 9 9 9 4 0 . 1 2
3 0 . 9 9 8 6 0 * 2 8
4 0 . 9 9 7 6 0 . 4 8
5 0 . 9 9 6 2 0 . 7 6
5 . 7 5 0 - 9 9 5 0 1 . 0
8 . 10 0 . 9 9 0 0 2 . 0
Fig.  2 4  Error in h a r d n e s s  d u e  t o  m i s o r i e n t a t i o n  of  
t h e  m e a s u r e d  i n d e n t a t i o n
1 % h a r d n e s s  e r r o r  2% h a r d n e s s  er ro r
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I n t u i t i v e l y ,  th e  f a s t e r  th e  i n d e n t e r  a p p ro a c h e s  th e  specim en , th e  
more ( k i n e t i c  and i n e r t i a l )  e n e rg y  i t  p o s s e s s e s .  S in c e  t h i s  must be 
d i s s i p a t e d  d u r in g  t h e  i n d e n t a t i o n  p r o c e s s ,  i t  i s  c l e a r  t h a t  i f  t h e  
i n d e n t e r  c o n t a c t s  th e  s u r f a c e  a t  a  h ig h  v e l o c i t y ,  a  l a r g e r  i n d e n t a t i o n  
i s  l i k e l y  t o  be p ro d u c e d ,  r e s u l t i n g  i n  an a p p a re n t  h a rd n e s s  d e c r e a s e . 
The q u e s t i o n  t h a t  rem a in s  i s :  what i s  th e  optimum speed  o f  i n d e n t a t i o n ?  
T h is  a p p e a r s  t o  have  been d e c id e d  l a r g e l y  a s  a m a t t e r  o f  compromise; i f  
to o  f a s t ,  a l a r g e  i n d e n t a t i o n  w i l l  be produced  b u t  i f  to o  s low , t h i s  
g iv e s  th e  o p p o r tu n i ty  f o r  v i b r a t i o n  t o  cause  an i n a c c u r a t e  r e a d in g  to  be 
o b t a i n e d .
4 .7 .1  A ccepted  v e l o c i t y  v a lu e s
In  c o n v e n t io n a l  (m ac ro -)  h a rd n e s s  t e s t i n g ,  t h e  ap p ro a c h  v e l o c i t y  i s
— 1 — 1v e ry  slow  ( g e n e r a l l y  3 jams t o  12 jams f o r  th e  V ic k e rs  t e s t ) .  However,
n o t  o n ly  i s  t h i s  v e ry  t im e-consum ing  b u t  i t  i s  a l s o  v e ry  d i f f i c u l t  t o
c o n t r o l  th e  a p p ro ach  speed  w i th o u t  a f f e c t i n g  th e  a c t u a l  lo a d
t r a n s f e r r e d .  Throughout t h e  h i s t o r y  o f  m ic ro h a rd n e ss  t e s t i n g  d i f f e r e n t
a u th o r s  have  recommended d i f f e r e n t  ap p ro a c h  v e l o c i t i e s ;  Knoop
e t  a l  ( 1939), f o r  i n s t a n c e ,  u sed  a speed  o f  300 jams" 1 w hereas
Bergsman (1944) p r e f e r r e d  a speed  o f  16 jams"1. Indeed  t h e s e
t r a n s a t l a n t i c  d i s c r e p a n c i e s  p e r s i s t  t o  t h i s  day , b u t  i n t e r e s t i n g l y
a p p e a r  to  have r e v e r s e d  p o s i t i o n s ,  i n  t h a t  th e  ASTM s ta n d a r d  recommends 
— 1 — 1a speed  o f  15 jams t o  70 jams , w hereas  th e  c o r r e s p o n d in g  German DIN 
( ’ lo w - lo a d ’ ) s ta n d a r d  s p e c i f i e s  a  speed  o f  300 pm s"1,
Khrushchov and Karpova (1974) have  w r i t t e n  an i n t e r e s t i n g  p a p e r
c o n c e rn in g  t h e o r e t i c a l  a s p e c t s  o f  t h e  i n f l u e n c e  o f  i n d e n t e r  v e l o c i t y  on
dynamic e r r o r  o f  a m ic ro h a rd n e ss  d e t e r m i n a t i o n .  I t  i s  s t a t e d  t h a t  i f  a
m a t e r i a l  o f  s t a t i c  h a rd n e s s  1000 HV i s  c o n s id e r e d ,  th e n  u s in g  a 1 36°
V ic k e rs  i n d e n t e r  unde r  a  lo a d  o f  105.6 g f ,  an i n d e n t a t i o n  w ith  d ia g o n a l
l e n g t h  14 jam and p r e - r e c o v e r y  d e p th  o f  2 pra w i l l  be o b t a i n e d .  However,
i f  t h e  v e l o c i t y  o f  t h e  i n d e n t e r  were t o  be u n r e s t r i c t e d  once i t  touched
th e  s u r f a c e  o f  th e  m a t e r i a l ,  i t  would r e a c h  a maximum v e l o c i t y  o f  
- 14800 jams and would come t o  r e s t  a t  a d e p th  o f  3*4 jam, so th e  h a rd n e s s  
v a lu e  o b ta in e d  would be i n  e r r o r  by 6 5 .4 $ .  Not s u r p r i s i n g l y ,  th e  
c o n c lu s io n  t o  t h i s  work i s  t h a t  to  l i m i t  such  an ’ e r r o r 1 t o  1 $ th e  
ap p ro a c h  v e l o c i t y  must be v e ry  low.
4.7 APPROACH VELOCITY
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In  o r d e r  t o  q u a n t i f y  t h e  e f f e c t  o f  ap p ro ach  v e l o c i t y ,  an e x p e r im e n t
was perfo rm ed  by th e  a u th o r  on t h r e e  d i f f e r e n t  b lo c k s  o f  nom inal V ic k e rs
h a rd n e s s  400, 200 and 40. The d w e l l  t im e  was k e p t  c o n s t a n t  a t  10 s and
— 1 — 1t h e  i n d e n t in g  speed  v a r i e d  betw een a p p ro x im a te ly  150 jams and 7 jams . 
T h is  v e l o c i t y  was m easured d i r e c t l y  by a p p ly in g  a c o n s t a n t  v o l t a g e  t o  
t h e  d r i v i n g  m otor and t im in g  th e  d e s c e n t  o f  th e  i n d e n t e r .  However, i t  i s  
som etim es found u s e f u l  t o  be a b l e  t o  d e t e c t  th e  i n d e n t e r  v e l o c i t y  
th ro u g h o u t  th e  l o a d in g - u n lo a d in g  c y c l e .  M avroyannakis  (1982) has  
d e ve loped  an i n d u c t i v e  s e n s o r  s p e c i f i c a l l y  f o r  u se  w ith  h a rd n e s s  t e s t i n g  
m achines  which i s  c la im e d  t o  d e t e c t  v e ry  low v e l o c i t i e s  y i e l d i n g  
in f o r m a t io n  on th e  mechanism o f  i n d e n t a t i o n  o f  s o l i d  m a t e r i a l s .
The r e s u l t s  o f  t h i s  e x p e r im e n t  a r e  d e p ic t e d  i n  F ig u re  25. From t h e s e ,  
it? i s  c l e a r  t h a t  t h e r e  was no c o r r e l a t i o n  betw een ap p ro a c h  v e l o c i t y  and 
h a rd n e s s  d e c r e a s e .  The r a n g e  o f  h a rd n e s s  change was n e v e r  more th a n  
+_ 1 .52  in  th e  whole v e l o c i t y  r a n g e  s tu d i e d  f o r  any o f  t h e  t h r e e  b lo c k s .
4 .8  DWELL TIME
The lo n g e r  th e  i n d e n t e r  r e s i d e s  i n  th e  s u r f a c e ,  th e  g r e a t e r  t h e  r i s k  
o f  v i b r a t i o n  c a u s in g  th e  i n d e n t a t i o n  t o  become a r t i f i c i a l l y  e n la r g e d .  So 
f a r  a s  dw ell  t im e  i s  c o n c e rn e d ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  d i sa g re e m e n t  
i n  p u b l i s h e d  i n t e r n a t i o n a l  s t a n d a r d s .  The g e n e r a l  c o n sen su s  o f  o p in io n  
seems t o  be t h a t  f o r  most norm al m a t e r i a l s  i t  does n o t  m a t te r  how long  
th e  i n d e n t e r  r e s i d e s  i n  th e  s u r f a c e .  I t  i s  o b v io u s ly  n o t  a d v i s a b l e  t o  
l e a v e  i t  t h e r e  f o r  a v e ry  long  t im e  (more th a n  sa y  20 seco n d s )  i f  i t  i s  
s u s c e p t i b l e  t o  v i b r a t i o n  which would te n d  t o  e n la r g e  th e  s i z e  o f  th e  
i n d e n t a t i o n  and p roduce  an a p p a r e n t l y  s o f t e r  h a rd n e s s  v a l u e .  However, i t  
must be a p p l i e d  f o r  a s u f f i c i e n t  l e n g th  o f  t im e  t o  e n s u re  t h a t  
e q u i l i b r i u m  has  been r e a c h e d ,  t h e  f u l l  lo a d  t r a n s f e r r e d  and a l l  ene rgy  
d i s s i p a t e d .  T h is  would n o rm a l ly  t a k e  no more th a n  a few seconds  once th e  
i n d e n t e r  had c o n ta c te d  th e  s u r f a c e .
4 .8 .1  NPL e x p e r im e n ta l  i n v e s t i g a t i o n
To i n v e s t i g a t e  th e  e f f e c t  o f  d w e ll  t im e  upon a p p a re n t  h a r d n e s s ,  two 
b lo c k s  were s e l e c t e d  by th e  a u th o r  (40 HV and 400-HV n o m in a l) .  Using an
4.7.2 NPL experimental investigation
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Apparent  c h a n g e  in 
h a r d n e s s  ( %HV)
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Approach v e l oc i ty  ( p m s H )
O
G r a p h A B C
Nominal  block h a r d n e s s  (HV) 4 0 2 0 0 4 0 0
I n d e n t i n g l o a d  ( g f ) 200 1000 1000
Mean  i n d e n t a t i o n d i a g o n a l  (pm) 9 2 . 7 1 9 6 . 2 5 6 7 . 2 8
A c t u a l  b l o c k h a r d n e s s  (HV) 4 3 . 2 200 .2 4 0 9 .  7
Fig. 25 Appa rent  c h a n g e  in h a r d n e s s  w i t h  a p p r o a c h  
v e l o c i t y .
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ap p ro ach  v e l o c i t y  o f  50 jams , d w e ll  t im e s  o f  60 se co n d s  and l e s s  were 
im posed . C l e a r l y  t h e r e  was a low er  l i m i t  t o  t h i s ,  s i n c e  th e  m otor 
lo w e r in g  th e  i n d e n t e r  c o u ld  n o t  be r e v e r s e d  i n s t a n t a n e o u s l y ,  and th e  
i n s t a n t  o f  c o n t a c t  c o u ld  n o t  e a s i l y  be a s c e r t a i n e d  t o  b e t t e r  th a n  a 
second  o r  s o .  In d e e d ,  t h e  i n d e n t a t i o n  p r o c e s s  t a k e s  a f i n i t e  t im e  i n  any 
c a s e .  The r e s u l t s  a r e  d e p ic t e d  in  F ig u re  26. From t h e s e ,  i t  i s  c l e a r  
t h a t  t h e r e  was no c o r r e l a t i o n  betw een dw ell  t im e  and h a rd n e s s  d e c r e a s e .  
As i n  th e  p r e v io u s  ( v e l o c i t y )  e x p e r im e n t ,  t h e  r a n g e  o f  h a rd n e s s  change 
was n e v e r  more th a n  +_ 1 .5$  i n  t h e  whole v e l o c i t y  r an g e  s t u d i e d  f o r  
e i t h e r  o f  t h e  two b lo c k s .
In  bo th  o f  t h e s e  e x p e r im e n ts  i t  must be remembered t h a t  t h e  b lo ck s  
were n o t  p e r f e c t l y  u n i fo rm ,  a l th o u g h  t h e i r  i s o t r o p y  h as  e lse w h e re  been 
shown t o  be rem a rk a b ly  good. There  was t h e r e f o r e  bound to  be some random 
v a r i a t i o n  i n  t h e  h a rd n e s s  v a lu e s  o b t a i n e d .  From t h i s  p r e v io u s  work, i t  
i s  f a i r  t o  e s t i m a t e  t h e  n o n - u n i f o r m i ty  t o  a c c o u n t  f o r  abou t  a  2$ 
v a r i a t i o n .  In d e e d ,  e x t r a  c o n f id e n c e  can be g a in e d  n o t  o n ly  from th e  
s m a l l  s p re a d  o f  v a lu e s  o b t a i n e d ,  b u t  a l s o  from th e  v e ry  c lo s e  ag reem en t 
betw een th e  a v e ra g e  h a rd n e s s  v a lu e  o f  th e  b lo c k s  o b ta in e d  i n  bo th  
e x p e r im e n ts  (4 3 .2  and 4 3 .6 ,  i e  1$ d i f f e r e n c e  and 409 .7  and 40 7 .3 ,  i e  <1$ 
d i f f e r e n c e ) .
I t  must a l s o  be a p p r e c i a t e d  t h a t  th e  m ic ro h a rd n e ss  t e s t  i s  by i t s  
v e ry  n a tu r e  an a r b i t r a r y  t e s t .  A l l  th e  f a c t o r s  in v o lv e d  in  i t s  
pe rfo rm ance  have been s e l e c t e d  somewhat a r b i t r a r i l y  and so long  a s  a l l  
w o rke rs  pe rfo rm ed  th e  t e s t  i n  th e  same m anner, i t  would be an e q u a l l y  
v a l i d  t e s t  i f  a l l  th e  p a ra m e te r s  such  a s  a p p ro ach  v e l o c i t y  were to  be 
chosen  q u i t e  d i f f e r e n t l y .
4 .9  LOADING ERRORS
S in c e  lo a d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  h a r d n e s s ,  a 1$ lo a d in g  e r r o r  
w i l l  r e s u l t  i n  a  1$ change i n  a p p a r e n t  h a r d n e s s .  However, i f  th e  e r r o r  
i s  c o n s t a n t  f o r  a l l  l o a d s ,  t h e  e f f e c t  i s  c l e a r l y  much g r e a t e r  a t  low 
l o a d s .  Th is  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig u re  27 f o r  fo u r  nom inal 
v a lu e s  o f  h a rd n e s s  and a l o a d in g  e r r o r  o f  5 g f .  The c a l c u l a t i o n s  
u n d e r ly in g  th e s e  g ra p h s  a r e  a l s o  g iv e n  on th e  f o l lo w in g  page .
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Ap paren i  c h a n g e  in 
h a r d n e s s  (7oHV)
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E r r o r  due to  i n c o r r e c t  lo a d in g
where c happens t o  be 1854.4 (1)
Suppose we have a b look  t h a t  is_ o f  h a rd n e s s  HV.
I f  we t e s t e d  i t  w i th  a  lo a d  L we would produce
an i n d e n t a t i o n  o f  d i a g o n a l  d such  t h a t  ,2 cL
d = HV
b u t  i f  we th o u g h t  we were u s in g  a lo a d  L
when in  f a c t  we were u s in g  a lo ad  (L +_ 1)
we would a c t u a l l y  g e t  an i n d e n t a t i o n  o f  d ia g o n a l  d^
su ch  t h a t  2 _ c (L + 1)
1 " HV
b u t  s in c e  we th o u g h t  we were u s in g " a  lo a d  L,
we would c a l c u l a t e  th e  h a rd n e s s  v a lu e  from fo rm ula  (1 )
T h is  would g iv e  _ c L _  c L
c (L + 1)
t h e r e f o r e  a p p a re n t  h a rd n e s s  = a c t u a l  h a rd n e s s  . — —
The i n t e r e s t i n g  th in g  to  n o te  i s  t h a t  one w i l l  a lm o s t  i n v a r i a b l y  
have  a c o n s t a n t  lo a d in g  e r r o r  r a t h e r  th an  a p e rc e n ta g e  e r r o r .  
T h is  means t h a t  th e  e r r o r  i s  n o t  sy m m e tr ic a l -  
i t  i s  worse to  u n d e r l oad th an  to  o v e r l oad by th e  same amount.
For example: i f  th e  lo ad  i s  40 g f  w i th  an e r r o r  + 5 g f
L + 1
o r
0 .89  HV 
(112 o u t)
o r 1. 14 HV 
(142 o u t)
F u r th e rm o re ,  th e  e f f e c t  i s  g r e a t e r  f o r  h a rd e r  m a t e r i a l s  b e in g  t e s t e d  
u n d e r  th e  same l o a d .
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S in c e  th e  i n d e n t e r  o f  a machine i s  g e n e r a l l y  h e ld  i n  some moving arm, 
t h i s  l a t t e r  p o s s e s s e s  a c e r t a i n  amount o f  i n e r t i a  when s e t  i n  m o tio n .  
The ene rgy  a r i s i n g  from t h i s  must be d i s s i p a t e d  i n  th e  specim en d u r in g  
th e  i n d e n t a t i o n  p r o c e s s  t o g e t h e r  w i th  t h a t  due t o  k i n e t i c  and p o t e n t i a l  
e n e rg y  o f  th e  lo a d  i t s e l f .  P a r t l y  f o r  t h i s  r e a s o n  m achines a r e  o f t e n  
d e s ig n e d  so a s  to  m in im ise  th e  mass o f  th e  moving p a r t s .
4 .1 0 .1  NPL e x p e r im e n ta l  i n v e s t i g a t i o n
I n e r t i a  o f  th e  lo a d  t r a n s f e r  mechanism t e n d s  to  cause  l a r g e r  
i n d e n t a t i o n s  and a c o n s e q u e n t  a p p a r e n t  h a rd n e s s  d e c r e a s e ,  b u t  t h i s  
e f f e c t  i s  on ly  o b se rv e d  on s o f t  m a t e r i a l s .  Leigh  and Jo n es  (u n p u b l is h e d )  
have  u n d e r ta k e n  a c o n s id e r a b l e  amount o f  work on t h i s  s u b j e c t .  To 
i n v e s t i g a t e  t h e  e f f e c t  o f  i n e r t i a  on ^apparen t h a r d n e s s ,  an e s p e c i a l l y  
s im p le  i n d e n t in g  mechanism was c o n s t r u c t e d  ( s e e  F ig u re  2 8 ) .  I t  c o n s i s t e d  
o f  a l i g h t  a lum inium  beam s u p p o r te d  on an a x l e  mounted between a p a i r  o f  
b a l l  r a c e s .  Two m ass iv e  jo c k e y  w e ig h ts  cou ld  be mounted on to p  o f  th e  
beam a t  any p o i n t  a lo n g  i t s  l e n g t h  so  t h a t  th e  moment o f  i n e r t i a  co u ld  
be v a r i e d  w h i l s t  s t a t i c  b a la n c e  was p r e s e r v e d .  The i n d e n t e r  was mounted 
a t  one end o f  t h e  beam w ith  a sm a l l  in d e n t in g  mass im m ed ia te ly  above . 
The beam n o rm a l ly  r e s t e d  a t  one p o i n t  on a b a l l  a t t a c h e d  t o  a f i n e  p i t c h  
sc re w . T h is  was cau sed  t o  r o t a t e  by a ru b b e r  band and p u l l e y  wheel 
sys tem  d r iv e n  by an e l e c t r i c  m o to r ,  c a u s in g  th e  i n d e n t e r  to  r i s e  o r  f a l l  
a t  a  r a t e  d e te rm in e d  by th e  v o l t a g e  a p p l i e d  t o  th e  m o to r .  The specim en 
was mounted on an x -y  s t a g e  w ith  i t s  s u r f a c e  in  th e  same h o r i z o n t a l  
p la n e  a s  th e  beam p i v o t .  The whole a p p a r a tu s  was mounted on a m ass ive  
base  s i t u a t e d  on a s e l f - l e v e l l i n g  v i b r a t i o n  i s o l a t i o n  t a b l e .  S in ce  i t  
was im p o r ta n t  t o  m o n i to r  th e  i n d e n t a t i o n  v e l o c i t y ,  a  c a p a c i t a n c e  
t r a n s d u c e r  was used  t o  d e t e c t  th e  beam d is p la c e m e n t  and th e re f ro m  
p roduce  a v e l o c i t y  o u t p u t .
As a p r e l i m i n a r y  e x e r c i s e ,  v a lu e s  o f  (Knoop) m ic ro h a rd n e ss  v e r s u s  
i n d e n t e r  v e l o c i t y  were o b t a in e d  u s in g  t h r e e  d i f f e r e n t  b lo c k s ,  t h r e e  
i n d e n t i n g  lo a d s  and t h r e e  v a lu e s  o f  i n e r t i a .  These a r e  summarised i n  
T ab le  1.
4.10 INERTIA
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Block
h a rd n e s s
(HK)
Load
(g f )
2
I n e r t i a  (kgmm )
V e lo c i ty  
(jams" )
Dwell
tim e
( s )
850 20, 45, 95 s  0 , 2250, 6000 20 -  120 10
220 20, 45, 95 S 0 , 2250, 6000 20 -  120 10
50 10, 20, 45 = 0 ,  2250, 6000 20 -  120 10
Table  1. Summary o f  b lo c k s ,  l o a d s  and i n e r t i a  v a lu e s  
employed in  p r e l i m i n a r y  i n v e s t i g a t i o n .
From t h e s e  r e s u l t s ,  i t  was found t h a t  w i th  th e  h a r d e s t  b lo c k  t h e r e  was 
n e g l i g i b l e  change i n  m ic ro h a rd n e ss  a t  any v e l o c i t y ,  lo a d  o r  i n e r t i a  
v a lu e  w i th in  th e  scope  o f  t h i s  e x p e r im e n t .  With th e  220 HK b lo c k ,  
i n d e n t e r  v e l o c i t y  had no e f f e c t  below 80 jams . Above t h i s ,  a t  h ig h  
v a lu e s  o f  i n e r t i a  a l a r g e r  i n d e n t a t i o n  was p ro d u c e d ,  r e s u l t i n g  i n  an 
a p p a r e n t l y  s o f t e r  h a rd n e s s  v a lu e .  Using th e  s o f t e s t  b lo c k ,  even w ith  
s m a l l  i n e r t i a ,  i n c r e a s i n g  i n d e n t a t i o n  v e l o c i t y  p ro d u ces  a  l a r g e r  
i n d e n t a t i o n .  The l a r g e r  th e  i n e r t i a ,  t h e  g r e a t e r  t h i s  e f f e c t .
From t h e s e  i n i t i a l  e x p e r im e n t s ,  a s i n g l e  i n d e n t e r  lo a d  and v e l o c i t y  
were chosen  so  t h a t  th e  a p p a r e n t  change i n  m ic ro h a rd n e ss  due t o  change 
i n  moment o f  i n e r t i a  o f  th e  beam c o u ld  be i n v e s t i g a t e d .
The r e l e v a n t  p a ra m e te r s  were:
two b lo c k s :  220 HK and 50 HK
two l o a d s :  45 g f  and 20 g f  r e s p e c t i v e l y
- 1i n d e n t a t i o n  v e l o c i t y :  100 jams2
i n e r t i a :  0 t o  6000 kgmm
The r e s u l t s  o b t a in e d  a r e  i l l u s t r a t e d  i n  F ig u re  29. From t h e s e ,  i t  can 
be se en  t h a t  u s in g  a s o f t  b lo c k  th e  p e rc e n ta g e  d e c re a s e  i n  a p p a re n t  
m ic ro h a rd n e ss  was l i n e a r  w i th  i n c r e a s i n g  i n e r t i a  and c o u ld  a c c o u n t  f o r  a 
change o f  up t o  202. Using a h a r d e r  b lo c k  th e  e f f e c t  was, a s  p r e d i c t e d  
from th e  p r e l i m i n a r y  e x p e r im e n t s ,  much s m a l l e r .  Only a t  f a i r l y  h ig h  
v a lu e s  o f  i n e r t i a  d id  t h i s  have any e f f e c t ,  and th e n  i t  d id  n o t  a p p e a r  
l i n e a r .
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Fi g .  29 P e r c e n t a g e  c h a n g e  in a p p a r e n t  h a r d n e s s  
d u e  t o  i n e r t i a
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By making c e r t a i n  l i m i t e d  a s su m p t io n s  a b o u t  t h e  geom etry  o f  th e  
s y s te m , i t  i s  p o s s i b l e  t o  pe rfo rm  s i m p l i s t i c  m a th e m a t ic a l  c a l c u l a t i o n s  
t o  a s s e s s  th e  o r d e r  o f  m agn itude  c o n t r i b u t i o n s  from each  s o u rc e  o f  
e n e rg y  d u r in g  th e  i n d e n t a t i o n  p r o c e s s .  Assume t h a t  when a p p ro a c h in g  th e  
s u r f a c e  th e  i n d e n t in g  mechanism p o s s e s s e s  k i n e t i c  e n e rg y  due to  th e  
l o a d in g  mass and k i n e t i c  en e rg y  due t o  i n e r t i a  o f  th e  beam i t s e l f .  
D uring  th e  i n d e n t a t i o n  p r o c e s s  t h i s  en e rg y  must be d i s s i p a t e d  t o g e t h e r  
w i th  a c e r t a i n  amount o f  p o t e n t i a l  ene rgy  o f  th e  mass between th e  
i n d e n t e r  c o n ta c t i n g  th e  s u r f a c e  and coming t o  r e s t .  We can th u s  d e s c r i b e  
t h e  t o t a l  e n e rg y ,  E, a s  f o l l o w s :
E = PE + KE + KE.m b
where PE, p o t e n t i a l  en e rg y  = mgh
‘1 2KE , k i n e t i c  en e rg y  o f  l o a d in g  mass = — mv
1 2KE^, k i n e t i c  e n e rg y  due to  beam i n e r t i a  = —  Iw
and m = lo a d  mass (kg)
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  (ms ) 
h = i n d e n t a t i o n  d e p th  (m)
-1v = l i n e a r  i n d e n t e r  v e l o c i t y  (ms )
2I  = beam i n e r t i a  (kgm )
— 1w = a n g u la r  v e l o c i t y  o f  beam ( r a d  s )
= v / r  where r  i s  th e  i n d e n t e r - p i v o t  d i s t a n c e ,  s a y  70 mm.
T h u s : E = mgh + j  mv2 + j  Iw2
The q u a n t i t i e s  we w ish  t o  v a ry  i n  o r d e r  t o  d i s c o v e r  w he the r  beam i n e r t i a  
i s  a s i g n i f i c a n t  f a c t o r  a r e :  ap p ro a c h  v e l o c i t y ,  b lo c k  h a rd n e s s  and
a p p l i e d  l o a d .
A f t e r  l e n g th y  m a th e m a t ic a l  c a l c u l a t i o n s ,  i t  t r a n s p i r e s  t h a t  when th e  
a p p ro a c h  v e l o c i t y  i s  ’ lo w ’ , eg 10 urns”  ^ th e  p o t e n t i a l  ene rgy  term  i s  
a lw ays  a t  l e a s t  a f a c t o r  o f  10J g r e a t e r  th a n  e i t h e r  o f  t h e  o t h e r  t e rm s ,  
so i n e r t i a  e f f e c t s  a r e  n e g l i g i b l e .
4.10.2 Theoretical analysis
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C o n s id e r in g  th e  c a s e  where th e  a p p ro a c h  v e l o c i t y  i s  h ig h ;  s i n c e  t h e  
mgh term  p r e d o m in a te s ,  i t  i s  c l e a r l y  o n ly  when u s in g  a sm a l l  lo a d  on a 
h a rd  b lo ck  t h a t  such  i n e r t i a  e f f e c t s  w i l l  be n o t i c e a b l e .
For exam ple: when t e s t i n g  a h a rd  b lo c k  (750 HV) w i th  a l i g h t  lo ad
-1(10 g f )  a t  a h ig h  ap p ro a c h  v e l o c i t y  (100 jams ) ,
1 2  1 2  E = mgh + — mv + -  Iw becomes
E (7 x 10~8 ) + (5 x 10“ 11) + (6 x 10“9 )
The i n e r t i a l  term  th u s  r e p r e s e n t s  6 /70  o f  th e  t o t a l  e n e rg y ,  i e  n e a r l y
10$ which i s  o f  th e  same o r d e r  o f  m agnitude  a s  th e  e x p e r im e n ta l  r e s u l t s
o b t a i n e d .  F u r th e rm o re ,  i n  t h i s  e x p e r im e n t  s in c e  Knoop i n d e n t a t i o n s  were
b e in g  made, th e  d e p th ,  h ,  would be a p p ro x im a te ly  h a l f  t h a t  c a l c u l a t e d
(which assumed th e  V ic k e rs  f o r m ) . The p o t e n t i a l  e n e rg y  term  would th e n  
—8b e ,  s a y ,  4 x 10" , im p ly in g  t h a t  i n e r t i a  co u ld  a c c o u n t  f o r  more th a n  12$ 
o f  th e  t o t a l  e n e rg y .
4 .11  TEMPERATURE
One f i n a l  c o n t r i b u t o r y  f a c t o r ,  which w i l l  be g iv e n  no more th a n  a 
p a s s in g  r e f e r e n c e  h e r e ,  i s  t e m p e r a t u r e .  The s tu d y  o f  h a rd n e s s  v a r i a t i o n  
a t  e l e v a t e d  t e m p e r a tu r e s  i s  a s u b j e c t  i n  i t s e l f ;  b u t  s u f f i c e  i t  t o  say  
t h a t  f o r  a  c o n s t a n t  t im e  o f  lo a d in g  th e  h a rd n e s s  o f  a  m a t e r i a l  f a l l s  
s l i g h t l y  w i th  i n c r e a s i n g  t e m p e ra tu re  up t o  a b o u t  h a l f  th e  a b s o lu t e  
m e l t in g  p o in t  th e n  r a p i d l y  above t h i s  t e m p e ra tu re .
4 .1 2  INDENTATION RECOVERY
T h e o r e t i c a l  c a l c u l a t i o n s  by Mott (1956) and Boyarskaya e t  a l  (1960) 
show t h a t  f o r  g e o m e t r i c a l l y  s i m i l a r  i n d e n t a t i o n s  e l a s t i c  r e c o v e ry  must 
be p r o p o r t i o n a l  t o  t h e  s i z e  o f  th e  im p re s s io n  and can t h e r e f o r e  have no 
e f f e c t  on th e  lo a d  dependence  o f  m ic ro h a rd n e s s .  E x p e r im en ta l  work by 
G ro d z in s k i  (1952) and Winton (1956) has  i n d i c a t e d  t h i s  to  be t r u e  f o r  
i n d e n t a t i o n  d e p th ,  b u t  i t  i s  g e n e r a l l y  a c c e p te d  t h a t  r e c o v e ry  o f  
i n d e n t a t i o n  c o r n e r s  i s  so sm a l l  as  t o  be n e g l i g i b l e  i n  any c a s e .
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To c o n c lu d e  t h i s  s e c t i o n  on e f f e c t s  which may g iv e  r i s e  t o  an 
a p p a r e n t  change i n  h a rd n e s s  when u s in g  a s m a l l e r  o r  l a r g e r  lo a d  and 
t e s t i n g  a h a r d e r  o r  s o f t e r  spec im en , i t  may be o f  use  t o  summarise t h e  
c o n c lu s io n s  re a c h e d :
V i b r a t i o n :  s m a l l e r  ( in d e e d  o f t e n  n e g l i g i b l e )  i n a c c u r a c i e s  a r e  in c u r r e d  
by u s in g  a l a r g e  l o a d .  I f  a  s m a l l  lo ad  must be u s e d ,  th e  i n a c c u r a c i e s  
a r e  l e s s  when u s in g  h a rd  b lo c k s .
Approach V e lo c i ty :  i n  th e  a b sen c e  o f  v i b r a t i o n ,  and w i th in  r e a s o n a b le  
l i m i t s ,  t h i s  sh o u ld  prove  no p rob lem .
Dwell Time: i n  t h e  a b sen c e  o f  v i b r a t i o n ,  and w i th in  r e a s o n a b le  l i m i t s ,  
t h i s  sh o u ld  p rove  no p rob lem .
Load ing : th e  e r r o r s  i n c u r r e d  te n d  t o  be g r e a t e r  th e  s m a l l e r  th e  lo a d  so 
i t  i s  a d v i s a b l e  t o  u se  a s  l a r g e  a lo ad  a s  i s  c o m p a t ib le  w i th  th e  
a l lo w a b le  i n d e n t a t i o n  s i z e .
I n e r t i a :  T h is  e f f e c t  need o n ly  be o f  co n cern  when v e ry  s h a l lo w
i n d e n t a t i o n s  a r e  b e in g  made, i e  when u s in g  v e ry  s m a l l  lo a d s  a n d /o r  ha rd  
b lo c k s .
I n d e n t e r  sh a p e :  i t  would be e x c e p t io n a l  to  f i n d  an (undamaged) i n d e n t e r  
whose g e o m e t r i c a l  form was so  f a r  from t o l e r a n c e  t h a t  i t  i n t r o d u c e d  a 
s i g n i f i c a n t  e r r o r  so  long  a s  th e  i n d e n t a t i o n s  b e in g  t e s t e d  a r e  o f  a 
r e a s o n a b le  s i z e .
4.13 SUMMARY
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P R O B L E M S  INVOLVED IN INDENTATION MEASUREMENT
9
5 .1  INTRODUCTION
Over th e  y e a r s ,  i t  h a s  been c o n c l u s i v e l y  d e m o n s t ra te d  t h a t  th e  m ajor  
s o u rc e  o f  e r r o r  i n  o b t a i n i n g  a m ic ro h a rd n e ss  v a lu e  a r i s e s  from th e  
d i f f i c u l t i e s  in v o lv e d  i n  m easu r in g  an i n d e n t a t i o n  a c c u r a t e l y .  The 
p roblem  i s  p a r t i c u l a r l y  a c u te  s i n c e  i n  o r d e r  to  c a l c u l a t e  a h a rd n e s s  
v a lu e  t h e  m easured d im ens ion  must be s q u a re d ,  t h e r e b y  d o u b l in g  any e r r o r  
i n c u r r e d .
In  o r d e r  t o  s tu d y  th e  e f f e c t s  o f  o b s e rv e r  b i a s ,  a  h ig h  q u a l i t y  s t e e l  
h a rd n e s s  t e s t  b lo c k  was c i r c u l a t e d  by th e  a u th o r  among a number o f  
i n d u s t r i a l  o r g a n i z a t i o n s  t o  compare m easurement d a t a  on a s e t  o f  
m i c r o - i n d e n t a t i o n s .  The r e s u l t s ,  w hich  a r e  p r e s e n te d  i n  a pap e r  by Leigh  
and Peggs (1 9 8 0 ) ,  show t h a t  th e  s t a n d a r d  d e v i a t i o n  a s s o c i a t e d  w ith  
m easurem ents t a k e n  by i n d i v i d u a l  o b s e r v e r s  i s  s m a l l , a l th o u g h  tw ic e  a s  
g r e a t  when r e a d in g  i n d e n t a t i o n s  o f  th e  Knoop form a s  f o r  V ic k e rs  
i n d e n t a t i o n s .  A lthough th e  e s t i m a t e d  random u n c e r t a i n t y  f o r  th e  
m easurem ent o f  m ic r o - i n d e n t a t i o n s  i s  o f  th e  o r d e r  o f  +_ 0 .2  jam, a 
s y s t e m a t i c  b i a s  i n  r e a d in g  can i n t r o d u c e  e r r o r s  an o r d e r  o f  m agn itude  
g r e a t e r .
T h is  measurem ent u n c e r t a i n t y  i s  due t o  a c o m b in a t io n  o f  many. f a c t o r s , 
such  a s  t h e  m ic ro sco p e  c a l i b r a t i o n ,  i t s  o p t i c a l  components and 
i l l u m i n a t i o n  c o n d i t i o n s  and th e  o b s e r v e r s  e y e s i g h t .  Due t o  th e  complex 
way i n  which l i g h t  i s  s c a t t e r e d  by an i n d e n t a t i o n ,  i t  i s  u n re a s o n a b le  to  
suppose  t h a t  a  m ic ro sco p e  t o  be used  f o r  such  m easurem ents can be 
a c c u r a t e l y  c a l i b r a t e d  u s in g  a tw o -d im e n s io n a l  o b j e c t  such  a s  a s t a g e  
m ic ro m e te r .  T h is  s u b j e c t  i s  c o n s id e r e d  a t  a l a t e r  s t a g e  (C hap te r  6) 
where i t  i s  p roposed  t h a t  r e p l i c a s  o f  i n d e n t a t i o n s  o f  a c c u r a t e l y  known 
s i z e  be u sed  a s  c a l i b r a t i o n  a r t e f a c t s .  The m ic ro sco p e  i t s e l f  can , 
how ever, be o p e r a t e d  u n d e r  w e l l - d e f i n e d  c o n d i t i o n s  so t h a t  i f  a l l  e l s e  
i s  c o n t r o l l e d ,  th e  i n d i v i d u a l  o b s e rv e r  b i a s  may be a s s e s s e d .
B efo re  em barking  on a d i s c u s s i o n  o f  th e  e f f e c t  o f  m ic ro sc o p e s  on 
a p p a r e n t  i n d e n t a t i o n  s i z e ,  some o f  th e  fundam en ta l  p a ra m e te r s  in v o lv e d
C H A P T E R  5
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i n  image fo rm a t io n  by th e  o p t i c a l  m ic ro scope  w i l l  be r e c a l l e d  and 
q u a n t i f i e d  f o r  th e  p a r t i c u l a r  m ic ro sc o p e  system  used  i n  th e  c o u rs e  o f  
t h i s  work. D i f f e r e n t  i l l u m i n a t i o n  c o n d i t i o n s  a r e  s tu d i e d  w ith  a v iew to  
o b t a i n in g  th e  b e s t  p o s s i b l e  image from th e  m ic ro scope  and th e  im p o r ta n c e  
o f  t h e  B e r t r a n d  l e n s  i s  m en t io n ed .  F i n a l l y ,  th e  t h e o r y  o f  m ic roscope  
i l l u m i n a t i o n  i s  d i s c u s s e d  and c u rv e s  o b ta in e d  f o r  t h e  e r r o r  in t r o d u c e d  
in  m ea su r in g  th e  l e n g t h  o f  an i n d e n t a t i o n  a s  a f u n c t i o n  o f  o b j e c t i v e  
n u m e r ic a l  a p e r t u r e  under d i f f e r e n t  c o n d i t i o n s .
5 .2  THE OPTICAL MICROSCOPE
5 .2 .1  R e s o lu t io n
Due t o  d i f f r a c t i o n ,  th e  image o f  an i n f i n i t e l y  sm a l l  p o i n t  s o u ro e  
w i l l  have  a f i n i t e  s i z e  when imaged by a l e n s  sy s te m , c o n s i s t i n g  o f  a 
b r i g h t  c e n t r a l  (A iry )  d i s c  su rro u n d e d  by d i f f r a c t i o n  r in g s .*  The r a d i u s ,  
r ,  o f  th e  f i r s t  i n t e n s i t y  minimum i s  g iv e n  by th e  e q u a t io n
r  = 0 .61  X /  N.A.
where X i s  th e  w av e len g th  o f  l i g h t  and N.A. th e  n u m e r ic a l  a p e r t u r e  o f
th e  im aging  sy s te m . Because o f  t h e  f i n i t e  s i z e  o f  th e  A iry  d i s c ,  th e  
l e n s  sys tem  h a s  l i m i t e d  r e s o l u t i o n  i n  t h a t  two o b j e c t  p o i n t s  must be 
s l i g h t l y  a p a r t  t o  be r e s o l v e d  s e p a r a t e l y .  I t  i s  u s u a l l y  assumed t h a t  two 
o b j e c t s  can be r e s o lv e d  when th e  c e n t r e  o f  one A iry  d i s c  c o in c id e s  w ith  
t h e  f i r s t  minimum o f  t h e  o t h e r ,  i e  th e  r e s o l u t i o n  l i m i t  i s  e q u a l  t o  th e  
r a d i u s ,  r ,  o f  t h e  A iry  d i s c .  T h is  i s  somewhat a r b i t r a r y ,  s i n c e  i t  
p ro d u ce s  an i n t e n s i t y  r e d u c t i o n  o f  26 .6$  between th e  two d i s c s  ( a s  
c a l c u l a t e d  from a d i r e c t  a d d i t i o n  o f  two i n t e n s i t y  c u rv e s  d i s p l a c e d  
by r ) .  Abbe c a l c u l a t e d  t h a t  f o r  th e  p a r t i c u l a r  c a se  o f  two a d j a c e n t  
p a r t i c l e s  viewed unde r  c r i t i c a l l y  a d ju s t e d  i l l u m i n a t i o n  th e  minimum 
r e s o l v a b l e  s e p a r a t i o n  i s  0 .5  X /  NA. The r e s o l u t i o n  o f  a m icroscope  
o b j e c t i v e  l e n s  i s  t h e r e f o r e  o f t e n  q u o ted  a s  b e in g  X /  2 NA where th e  
n u m e r ic a l  a p e r t u r e  i s  d e f in e d  a s  t h e  p ro d u c t  o f  th e  r e f r a c t i v e  in d ex  o f  
t h e  o b j e c t  sp a ce  (1 i n  th e  c a se  o f  a i r )  and th e  s i n e  o f  th e  s e m i-a n g le
o f  th e  cone o f  r a y s  e n t e r i n g  th e  o b j e c t i v e .  V alues  o f  r e s o l u t i o n  based
on t h i s  c r i t e r i o n  a r e  l i s t e d  i n  T ab le  1. [ I t  s h o u ld ,  p e rh a p s ,  be 
m en tioned  f o r  t h e  sake  o f  c o m p le te n e s s ,  t h a t  a p a r t i c l e  may be v i s i b l e  
b u t  n o t  r e s o l v a b l e  in  c e r t a i n  s p e c i a l  I l l u m i n a t i o n  s t a t e s ] .
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T his  a n a l y s i s  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  f o r  two b r i g h t  
( s e l f - l u m i n o u s )  p o i n t  s o u r c e s ,  su c h  a s  s t a r s .  When one b e g in s  t o  t a l k  
a b o u t  com ple te  m ic ro sco p e  s y s te m s ,  however, th e  s i t u a t i o n  becomes more 
c o m p l ic a te d .  Abbe (1904) showed t h a t  because  o b j e c t s  were b e in g
i l l u m i n a t e d  by a eone o f  l i g h t  from a c o n d e n se r ,  th e  e f f e c t i v e  n u m e r ic a l  
a p e r t u r e  t o  be u sed  i n  t h e  above fo rm u la  sh o u ld  be th e  mean o f  th e  
o b j e c t i v e  and c o n d e n se r  a p e r t u r e s .  T h is  im p l ie s  t h a t  th e  two have an 
e q u a l  p a r t  t o  p l a y  i n  d e te r m in in g  th e  m ic ro sco p e  r e s o l u t i o n ;  
n e v e r t h e l e s s ,  i n  p r a c t i c e  i t  i s  found t h a t  th e  o b j e c t i v e  has  a much
g r e a t e r  e f f e c t .
5 . 2 . 2  U se fu l  m a g n i f i c a t i o n
When sp e a k in g  o f  m a g n i f i c a t i o n  and r e s o l v i n g  power, i t  must be 
remembered t h a t  t h e  p r im a ry  image formed by an o b j e c t i v e  i s  i n  f a c t  v e ry  
s m a l l .  I t  i s  w e l l  known t h a t ,  a t  b e s t ,  th e  human eye can r e s o l v e  two
p o i n t s  i f  th e  a n g le  betw een them i s  no l e s s  th a n  1 m inu te  o f  a r c .  T h is
c o r r e s p o n d s  t o  a d i s t a n c e  o f  70 pm between th e  o b j e c t s  a t  250 mm -  th e  
l e a s t  d i s t a n c e  o f  d i s t i n c t  v i s i o n .  In  p r a c t i c e ,  how ever, when a l lo w in g  
f o r  c o m fo r ta b le  v iew in g  and d i f f e r e n t  o b s e r v e r s ,  i t  i s  g e n e r a l l y  
c o n s id e r e d  t o  be a b o u t  400 pm. For  any g iv en  o b j e c t i v e ,  t h e r e f o r e ,  th e  
maximum u s e f u l  m a g n i f i c a t i o n  t h a t  can be a c h ie v e d  i s  t h i s  d i s t a n c e  
d iv id e d  by th e  r e s o l u t i o n ,  i e  400 /  ( 0 .5  A /  NA). I f  a w ave leng th  o f  
550 nm i s  c h o sen ,  i t  f o l lo w s  t h a t
M = 1455 NA
Values based  on t h i s  c r i t e r i o n  a r e  l i s t e d  i n  T ab le  1 f o r  th e  f o u r  
o b j e c t i v e s  used  i n  t h e  c o u rs e  o f  t h i s  work. T h is  i s ,  how ever, a  somewhat 
a r b i t r a r y  f i g u r e ;  i f  t h e  s e p a r a t i o n  a n g le  had been chosen  to  be a b o u t  4 
m in u te s  o f  a r c ,  M would become e q u a l  t o  1000 NA -  a  f i g u r e  which i s  
f r e q u e n t l y  qu o ted  f o r  th e  maximum u s e f u l  m a g n i f i c a t i o n  o f  a m ic ro scope  
s y s te m .
5 . 2 . 3  Depth o f  f i e l d
Another im p o r ta n t  o b j e c t i v e  p a ra m e te r  i s  th e  d e p th  o f  f i e l d ;  i e  th e  
o b j e c t  d e p th  t h a t  i s  s h a r p l y  d e f in e d  a t  one fo cu s  s e t t i n g  o f  th e  
o b j e c t i v e .  One c r i t e r i o n  which i s  o f t e n  u sed  t o  c a l c u l a t e  t h i s  v a lu e  i s
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based  on a p a th  d i f f e r e n c e  o f  one q u a r t e r  o f  a w ave leng th  b e in g  
a c c e p t a b l e  betw een th e  a x i a l  and m a rg in a l  r a y s .  T h is  l e a d s  t o  an 
e x p r e s s io n  f o r  d e p th  o f  f i e l d
d f  = X /  4 n s i n 2 U/4
and th e  c o r r e s p o n d in g  numbers a r e  l i s t e d  i n  T ab le  1. T h is  does n o t ,  
how ever, t a k e  a c c o u n t  o f  t h e  accommodating a b i l i t y  o f  t h e  e y e ,  which may 
be c a l c u l a t e d  from th e  fo rm u la
d f = n D /  M2
where M i s  th e  t o t a l  o v e r a l l  ( u s e f u l )  m a g n i f i c a t i o n  o f  th e  m ic roscope  
and D i s  th e  l e a s t  d i s t a n c e  o f  d i s t i n c t  v i s i o n  (250 mm). T y p ic a l  v a lu e s  
a r e  g iv e n  in  T ab le  1.
5 . 2 . 4  F ree  working d i s t a n c e
One f u r t h e r  p a ra m e te r  which i s  used  i n  t h e  s p e c i f i c a t i o n  o f  an 
o b j e c t i v e  i s  th e  f r e e  w orking d i s t a n c e ;  t h a t  i s  t h e  d i s t a n c e  between th e  
o b j e c t  and th e  f r o n t  o f  t h e  o b j e c t i v e  mount. T h is  i s  e s s e n t i a l l y  d e c id e d  
by t h e  o p t i c a l  c o n s t r u c t i o n  o f  th e  o b j e c t i v e ;  i t  i s  p o s s i b l e  t o  d e s ig n  
long  working d i s t a n c e  o b j e c t i v e s  f o r  s p e c i a l  a p p l i c a t i o n s  (eg say  4 mm 
a t  x50 m a g n i f i c a t i o n )  b u t  t h e  v a lu e s  c o r r e s p o n d in g  t o  th e  R e ic h e r t  
o b j e c t i v e s  l i s t e d  in  T ab le  1 may be ta k e n  a s  t y p i c a l .
5 . 2 . 5  E y e p iec e s
Having c o n s id e r e d  v a r io u s  o b j e c t i v e  p a ra m e te r s ,  a few words a r e  
n e c e s s a r y  c o n c e rn in g  e y e p ie c e s .  There  a r e  b a s i c a l l y  two t y p e s ,  a s  
i l l u s t r a t e d  i n  F ig u re  30, th e  Huygens and th e  Ramsden, which bo th  
c o n s i s t  o f  two p la n o -c o n v e x  l e n s e s .  The p r i n c i p a l  d i f f e r e n c e  i s  t h a t  th e  
f i e l d  s to p  i s  l o c a t e d  betw een th e  two l e n s e s  i n  th e  fo rm er  c a s e ,  b u t  i n  
f r o n t  o f  t h e  f i e l d  l e n s  i n  t h e  l a t t e r .  The Ramsden ty p e  i s  th u s  much 
b e t t e r  s u i t e d  f o r  m easu r in g  p u rp o s e s  s i n c e  i t  i s  e a s i e r  t o  p o s i t i o n  a 
c r o s s h a i r  o r  g r a t i c u l e  and i t  i s  a l s o  l e s s  s u s c e p t i b l e  t o  a b e r r a t i o n .  In 
th e  R e ic h e r t  P o ly v a r  Met m ic ro sco p e  used  th ro u g h o u t  t h i s  work, however, 
t h e  e y e p ie c e s  were o f  t h e  w i d e f i e l d  p la n e  com pensa ting  v a r i e t y .  These 
a r e  o f  much more complex d e s ig n  th a n  th e  s im p le  Ramsden o r  Huygens k in d ,
{a) W\yiQ
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s i n c e  l a t e r a l  c h ro m a tic  a b e r r a t i o n  i s  d e l i b e r a t e l y  i n t r o d u c e d  to  
com pensate  f o r  th e  f l a t f i e l d  o b j e c t i v e s .
5 . 2 . 6  F i e ld  o f  v iew  d ia m e te r
The im p o r ta n t  n u m e r ic a l  p a ra m e te r s  i n  c o n n e c t io n  w i th  e y e p ie c e s  a r e  
th e  f i e l d  o f  v iew d ia m e te r  and th e  a n g le  o f  v iew . The f i e l d  o f  v iew , o r  
image f i e l d  d ia m e te r  i n  t h e  p la n e  o f  c o n v e n t io n a l  v iew ing  d i s t a n c e  
(250 mm) i s  240 mm i n  t h i s  p a r t i c u l a r  m ic ro scope  w i th  th e  x10 w i d e f i e l d  
e y e p ie c e s ,  and th e  a n g le  o f  view i s  5 1 ° .  The o b j e c t  f i e l d  d ia m e te r ,  
w hich n a t u r a l l y  depends on th e  o v e r a l l  m ic ro scope  m a g n i f i c a t i o n )  i s  th e n  
240 /  o v e r a l l  m a g n i f i c a t i o n  ( n o t  M, th e  u s e f u l  m a g n i f i c a t i o n )  which 
v a r i e s  from 6 mm w i th  th e  x5 o b j e c t i v e  and x 0 .8  i n t e r m e d ia t e  l e n s  t o  
120 pm w ith  t h e  x100 o b j e c t i v e  and x2 i n t e r m e d ia t e  l e n s .  A s i m p l i f i e d  
d iagram  o f  th e  t y p i c a l  r a y  p a th s  i s  shown i n  F ig u re  31 and a s e c t i o n  o f  
th e  NPL R e i c h e r t  m ic ro sc o p e  in  F ig u re  32.
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E y e
E y e p i e c e
P r i m a r y  
i m a g e
O b j e c t i v e
O b j e c t
C o n d e n s e r
V i r t u a l
i m a g e
F i g .  31 I m a g e  f o r m a t i o n  by t h e  o p t i c a l  m i c r o s c o p e
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5.2.7 NPL microscope parameters
O b je c t iv e
ty p e
M a g n i f i c a t i o n N um erical
a p e r t u r e
R e s o lu t io n  
(pm) a t  550nra
P la n  Epi 5 0 .10 2 .75
P lan  Epi 20 0 .40 0.69
P lan  Epi 50 0 .70 0.39
P lan  Epi 100 0 .95 0.29
U sefu l
M a g n i f ic a t io n
Depth o f  
f i e l d  (pm)
Accommodation 
o f  eye (pa)
Working
d i s t a n c e
150 55 11 3 .7  mm
580 3-3 0 .7 2. 5 mm
1000 1 .0 0 .3 0 .5  mm
1380 0 .4 0 .1 120 pm
T ab le  1. M icroscope  o b j e c t i v e s  a v a i l a b l e  on th e  NPL R e ic h e r t  
P o ly v a r  Met and some a s s o c i a t e d  p a ra m e te r s
5 .3  MICROSCOPE ILLUMINATION 
5.3*1 Fundam enta l c o n s i d e r a t i o n s
When u s in g  an o p t i c a l  m ic ro sc o p e ,  i t  i s  im p o r ta n t  t o  e n s u re  t h a t  a l l  
m easurem ents  a r e  pe rfo rm ed  under  e s s e n t i a l l y  t h e  same c o n d i t i o n s  o f  
sam ple  i l l u m i n a t i o n .  KOhler ( o r  p a r t i a l l y  c o h e r e n t )  i l l u m i n a t i o n  i s  
o f t e n  u s e d ,  p r i n c i p a l l y  b e c au se  i t  y i e l d s  e x c e l l e n t  image q u a l i t y  and 
u n ifo rm  i l l u m i n a t i o n  o v e r  th e  f i e l d  o f  v iew . I t  i s  im p o r ta n t  t o  n o te  
t h a t  th e  r a t i o  o f  o b j e c t i v e  NA (n u m e r ic a l  a p e r t u r e )  t o  co n d e n se r  NA 
sh o u ld  be chosen  c o r r e c t l y  t o  p r o v id e  l a r g e  c o n t r a s t  v a r i a t i o n s  a t  th e  
image edge , r e d u c e  c o n t r a s t  f l u c t u a t i o n s  n e a r  th e  a p p a re n t  edge o f  th e
- 116 -
image ( ’ r i n g i n g 1) ,  and g e n e r a l l y  t o  r e d u c e  th e  e f f e c t s  o f  c o n t r a s t  
v a r i a t i o n s .
I t  i s  c l e a r  t h a t  an  o b j e c t i v e  o f  h ig h  NA i s  e s s e n t i a l  t o  a c h ie v e  good 
r e s o l u t i o n ,  s i n c e  t h e  l a r g e r  th e  NA th e  h ig h e r  th e  p r o p o r t i o n  o f  l i g h t  
d i f f r a c t e d  by th e  o b j e c t  t h a t  w i l l  be c o l l e c t e d  by th e  o b j e c t i v e  and 
hence  th e  g r e a t e r  t h e  s i m i l a r i t y  betw een o b j e c t  and im age. When th e  
a p e r t u r e  o f  t h e  o b j e c t i v e  i s  n o t  l a r g e  enough t o  c o l l e c t  a l l  th e  
d i f f r a c t e d  l i g h t ,  t h e  l o s s  o f  th e  o u t e r  r e g io n s  o f  t h e  F ra u n h o fe r  
p a t t e r n  (which a r e  a s s o c i a t e d  w i th  t h e  h ig h e r  s p a t i a l  f r e q u e n c ie s )  w i l l  
r e s u l t  i n  a l o s s  o f  image s h a rp n e s s  and r e s o l u t i o n .
A lthough i n  t h e o r y  th e  c o n d e n se r  NA sh o u ld  be com parab le  w i th  th e  
o b j e c t i v e  a p e r t u r e  t o  a c h ie v e  maximum r e s o l u t i o n ,  i n  p r a c t i c e ,  w i th  a 
l a r g e  cone o f  i l l u m i n a t i o n  r e s i d u a l  a b e r r a t i o n s  and m u l t i p l e  r e f l e c t i o n s  
i n  th e  image fo rm ing  o p t i c s  can im p a ir  image q u a l i t y .  A s a t i s f a c t o r y  
compromise i n  te rm s  o f  image r e s o l u t i o n  and c o n t r a s t  i s  o f t e n  a c h ie v e d  
u s in g  a c o n d e n se r  NA a p p ro x im a te ly  t w o - t h i r d s  t h a t  o f  t h e  o b j e c t i v e .  I t  
s h o u ld  be n o te d  t h a t  t h e  a p e r t u r e s  a r e  d i r e c t l y  r e l a t e d  t o  th e  d i s t a n c e s  
i n  th e  o b j e c t i v e  p u p i l .  Thus, i f  t h e  d ia m e te r  o f  t h e  a p e r t u r e  s to p  image 
i s  2 /3  o f  th e  d ia m e te r  o f  t h e  o b j e c t i v e  a p e r t u r e ,  th e  i l l u m i n a t i n g  
a p e r t u r e  i s  l i k e w i s e  2 /3  o f  t h e  o b j e c t i v e  a p e r t u r e .
5 .3 * 2  Kflhler i l l u m i n a t i o n
To p roduce  KiJhler i l l u m i n a t i o n ,  an a u x i l i a r y  c o n v e rg in g  l e n s ,  se e  
F ig u re  33, i s  p la c e d  c l o s e  t o  th e  f i e l d  s to p  t o  form an image o f  th e  
i l l u m i n a t i n g  s o u rc e  i n  t h e  f o c a l  p la n e  o f  th e  c o n d e n se r  l e n s  which now 
c o n t a i n s  th e  a p e r t u r e  s t o p ;  th e  r a y s  from any p o i n t  on th e  s o u rc e  th e n  
emerge from th e  c o n d e n se r  a s  a  c o l l im a te d  l i g h t  beam which i s  
s u b s e q u e n t ly  used  t o  i l l u m i n a t e  t h e  spec im en . S in c e  o v e r l a p p in g  p e n c i l s  
r e a c h  them from many d i f f e r e n t  s o u rc e  p o i n t s ,  n e ig h b o u r in g  o b j e c t  p o i n t s  
a r e  p a r t i a l l y  c o h e r e n t l y  i l l u m i n a t e d .  I r r e g u l a r i t i e s  i n  th e  s p a t i a l  
d i s t r i b u t i o n  o f  b r i g h t n e s s  i n  th e  s o u rc e  do n o t  cau se  c o r re s p o n d in g  
i r r e g u l a r i t i e s  i n  t h e  i l l u m i n a t i o n  i n t e n s i t y  o f  th e  f i e l d .  The a p e r t u r e  
s to p  i s  som etim es a l s o  known a s  th e  c o n d e n se r  d iaphragm  because  i t  
d e te rm in e s  t h e  a r e a  o f  th e  c o n d e n se r  l e n s  a c t u a l l y  used  and hence th e  
cone a n g le  o f  t h e  l i g h t  c o n v e rg in g  on th e  o b j e c t ;  i n  o t h e r  words, i t  
c o n t r o l s  th e  n u m e r ic a l  a p e r t u r e  o f  t h e  c o n d e n s e r .
C
on
ju
ga
te
 
p
la
n
es
-117-
Ret i n a
E y e
Eyepiece  exit pupil  
a n d  pupi l  of e y e
E y e p i e c e
t E y e p iece f ield  
s t o p  
( I m a g e  p l a n e )
O b j e c t i v e  pupi  
( b ac k  f o c a l  p l a n e )
O b j e c t i v e  
- O b j e c t  p l a n e  —
C o n d e n s e r
C o n d e n s e r  
d i a p h r a g m  
(Aperture s top)
F i e l d  
d i a p h r a g m  
F i e l d  l e n s
S o u r c e
Fig. 33 Ray p a t h s  f o r  K o h l e r  i l l u m i n a t i o n
C
on
ju
ga
te
 
p
la
n
es
- 118 -
The same s i t u a t i o n  a r i s e s  when e i t h e r  r e f l e c t e d  o r  t r a n s m i t t e d  l i g h t  
i s  employed and F ig u re  33 may be r e g a r d e d  a s  an  ’u n f o ld e d ’ view o f  th e  
r e f l e c t e d  l i g h t  c a s e ,  i l l u s t r a t i n g  th e  b a s i c  o p t i c a l  p r i n c i p l e s  
i n v o lv e d .  KShler i l l u m i n a t i o n  d i f f e r s  from th e  s o - c a l l e d  Abbe method o f  
c r i t i c a l  i l l u m i n a t i o n  i n  t h a t  w i th  th e  l a t t e r  t h e  image o f  th e  
i l l u m i n a t i n g  s o u rc e  i s  formed in  th e  p la n e  o f  th e  o b j e c t .
5 . 3 . 3  M icroscope  a d ju s tm e n t s
The recommended a l ig n m e n t  and a d ju s tm e n t  p ro c e d u re  o f  an o p t i c a l
m ic ro sc o p e  in v o lv e s  th e  f o l lo w in g  s t e p s :
a )  C e n t r in g  th e  i l l u m i n a t i n g  s o u rc e  and a l i g n i n g  th e  f i e l d  and
a p e r t u r e  d iaphragm s c e n t r a l l y .
b) C e n t r in g  and f o c u s in g  th e  c o n d e n s e r .
c)  A d ju s t in g  the  a p e r t u r e  d iaphragm  ( s e t t i n g  c o n d e n se r  NA).
As d i s c u s s e d  above , i t  i s  recommended t h a t  t h e  n u m e r ic a l  a p e r t u r e  o f  
th e  c o n d e n se r  be e q u a l  t o  t w o - t h i r d s  t h a t  o f  th e  im aging  o b j e c t i v e .  I f  
p o s s i b l e ,  t h e r e f o r e ,  a  c o n d e n se r  sys tem  o f  known n u m e r ic a l  a p e r t u r e  
s h o u ld  be u s e d .  When u s in g  a m e t a l l o g r a p h i c  m ic ro sc o p e  w ith  v e r t i c a l  
i l l u m i n a t i o n ,  how ever, t h e  c o n d e n se r  a p e r t u r e  (and hence  th e  NA) i s  
u s u a l l y  v a r i a b l e  and u n c a l i b r a t e d  o r  s im p ly  unknown. The fo l lo w in g  
p ro c e d u re  has  th e n  to  be f o l lo w e d :
i )  The e y e p ie c e  i s  removed and one lo o k s  down th e  m ic ro scope  tu b e  
w i th  th e  eye s e t  a p p ro x im a te ly  25 om from th e  o b j e c t i v e  l e n s .
i i )  The a p e r t u r e  d iaphragm  i s  opened a s  wide a s  p o s s i b l e  and th e
maximum s i z e  o f  a p e r t u r e ,  a s  d e f i n e d  by th e  o b j e c t i v e  l e n s  i s  n o te d .
i i i )  The a p e r t u r e  d iaphragm  i s  c lo s e d  down u n t i l  t h e  d ia m e te r  o f  th e  
i l l u m i n a t e d  r e g io n  i s  r e s t r i c t e d  to  a p p ro x im a te ly  t w o - t h i r d s  t h a t  o f  
th e  o b j e c t i v e .
5 .3 .4  The B e r t r a n d  l e n s
T h is  s i t u a t i o n ,  whereby a c ru d e  e s t i m a t i o n  h a s  t o  be made, i s  c l e a r l y  
b o th  u n d e s i r a b l e  and u n s a t i s f a c t o r y .  A s i m i l a r  problem  was e n c o u n te re d  
many decad es  ago i n  th e  u se  o f  p e t r o l o g i c a l  m ic ro sc o p e s  which were 
p ro v id e d  w i th  a  s u b s ta g e  c o n d e n se r  o r  c o n v e rg in g  sy s tem  o f  l e n s e s  to
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d i r e c t  a c o n v e rg e n t  beam o f  l i g h t  upon a c r y s t a l  p la c e d  on th e  s t a g e .  I f  
a h igh -pow ered  o b j e c t i v e  were u s e d ,  an i n t e r f e r e n c e  p a t t e r n  would be 
formed i n  th e  r e a r  f o c a l  p la n e  o f  t h e  o b j e c t i v e  v e ry  c l o s e  t o  i t s  back 
l e n s .
T h is  p a t t e r n  c o u ld  n o t  be se en  by lo o k in g  th ro u g h  th e  m ic ro scope  i n  
th e  o r d in a r y  way b e c au se  t h e  p la n e  where i t  was formed was n o t  i n  f o c u s . 
I f  t h e  e y e p ie c e  o f  t h e  m ic ro sc o p e  were removed, how ever, i t  co u ld  be 
s e e n  by lo o k in g  down th e  t u b e ,  b u t  i t  was v e ry  s m a l l .  I f  a l e n s
( g e n e r a l l y  c a l l e d  a B e r t r a n d  l e n s )  i s  p la c e d  a t  t h e  low er end o f  th e  
d ra w - tu b e ,  t h i s  l e n s ,  combined w i th  t h e  e y e p ie c e ,  t u r n s  th e  d raw -tu b e  
i n t o  a com ple te  low-power m ic ro sc o p e ;  and i f  s l i d  up and down one can 
fo c u s  on th e  r e a r  f o c a l  p la n e  o f  th e  m ic ro sco p e  o b j e c t i v e  and a
m a g n if ie d  image o f  t h e  p a t t e r n  can  be s e e n .  T h is  method o f  v iew ing  i s  
known a s  'c o n o s c o p ic  o b s e r v a t i o n ’ ( a s  opposed t o  ’ o r th o s c o p ic  
o b s e r v a t i o n '  i n  which a  t r u e  o r  p r o p e r  image i s  se en  and th e  o b j e c t  has  
t h e  c o r r e c t  a p p e a r a n c e ) .
Another method o f  o b t a i n i n g  an  e n la r g e d  image o f  th e  p a t t e r n  i s  by 
p l a c i n g  a h igh -pow er  m a g n i f i e r  ( c a l l e d  a Becke l e n s )  o v e r  t h e  to p  o f  t h e  
e y e p ie c e  and f o c u s in g  i t  u n t i l  a  s h a rp  image o f  th e  Ramsden c i r c l e  o r  
e y e p o in t  i s  o b t a i n e d .  T h is  Ramsden c i r c l e  i s  a c o n ju g a te  image o f  th e  
back o f  th e  o b j e c t i v e ,  and any p a t t e r n  a t  th e  back o f  t h e  o b j e c t i v e  w i l l  
r e a p p e a r  i n  t h e  Ramsden c i r c l e .  The c h i e f  a d v a n ta g e  o f  th e  B e r t r a n d  l e n s  
o v e r  t h e  Becke sy s tem  i s  t h a t  t h e  c r o s s  w i r e s  o r  a  m ic rom e te r  in  t h e  
e y e p ie c e  a r e  s t i l l  i n  fo c u s  when th e  B e r t r a n d  l e n s  i s  i n t r o d u c e d ,  w hich , 
i f  th e  Becke l e n s  i s  u s e d ,  i s  n o t  t h e  c a se  and a s p e c i a l  m ic rom ete r  i n  
i t s  fo e u s  i s  r e q u i r e d .  F u r th e rm o re ,  a h ig h e r  m ag n ify in g  power can be
o b ta in e d  w ith  a B e r t r a n d  l e n s .
5 .4  THEORETICAL EFFECT OF ILLUMINATION CONDITIONS
I t  has  been known f o r  many y e a r s  t h a t  d i f f e r e n t  m ic ro sco p e  o b j e c t i v e s  
y i e l d  d i f f e r e n t  v a lu e s  f o r  th e  d i a g o n a l  l e n g t h  o f  an i n d e n t a t i o n .  
In d e e d ,  i t  i s  a c c e p te d  t h a t  a l l  i n d e n t a t i o n  d i a g o n a l s  a r e  i n h e r e n t l y  
m easured  s l i g h t l y  to o  s m a l l  a s  a  r e s u l t  o f  t h e  l i m i t e d  r e s o l v i n g  power 
o f  t h e  o p t i c a l  m ic ro sc o p e .
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T arasov  and T h i b a u l t  (1947) u sed  t h r e e  o b j e c t i v e s  t o  measure a s e r i e s  
o f  Knoop i n d e n t a t i o n s  on v a r i o u s  m a t e r i a l s  and d e ve loped  an e m p i r i c a l  
c o r r e c t i o n  f a c t o r  so  t h a t  t h e  h a rd n e s s  numbers d id  n o t  v a ry  a p p r e c i a b l y  
w ith  l o a d .  There  a r e  a number o f  im p o r ta n t  p o i n t s  t o  n o te  i n  t h i s  work, 
how ever. F i r s t l y ,  a l l  t h e  m a t e r i a l s  used  were v e ry  h a r d ,  r a n g in g  from 
q u a r t z  and h a rd e n e d  t o o l  s t e e l  t o  boron  c a r b i d e .  S e c o n d ly ,  th e  h a rd n e s s  
v a lu e s  f i n a l l y  o b t a in e d  were c o n s id e r a b l y  low er th a n  th e  c u r r e n t l y  
a c c e p te d  ( l a t t e r l y  o b t a in e d )  f i g u r e s  -  f o r  i n s t a n c e ,  t h e  h a rd n e s s  o f  
s i l i c o n  c a r b i d e  was found  to  be 1875 HK w h i l s t  o t h e r  w orkers  [ s e e  
Mott (1956) p250] have  found  i t  t o  be no l e s s  th a n  2000 and f r e q u e n t l y  
up t o  2500. T h i r d l y ,  t h e  h i g h e s t  power o b j e c t i v e  used  was x 41 (0 .6 5  NA). 
F o u r th l y ,  th e  c o r r e c t i o n  c o u ld  n o t  be u s e f u l l y  a p p l i e d  to  i n d e n t a t i o n s  
made w ith  lo a d s  o f  l e s s  th a n  100 g f .
T h is  c o r r e c t i o n  f a c t o r  was t o  com pensate  n o t  o n ly  f o r  v i s i b i l i t y  
e r r o r  b u t  a l s o  t h e  e f f e c t  o f  any e l a s t i c  r e c o v e ry  o f  th e  i n d e n t a t i o n .  To 
q u a n t i f y  each  e f f e c t  i n d i v i d u a l l y ,  s u i t a b l e  i n d e n t a t i o n s  were chosen  and 
m easured w i th  s i x  d i f f e r e n t  o b j e c t i v e s .  The v a r i a t i o n  i n  l e n g t h  was 
p l o t t e d  a s  a f u n c t i o n  o f  n u m e r ic a l  a p e r t u r e  ( s e e  F ig u re  34) and i t  was 
found t h a t  th e  p o i n t s  l a y  v e ry  c l o s e  to  a r e c t a n g u l a r  h y p e rb o la .
A lthough  t h i s  o n ly  y i e l d e d  c o r r e c t i o n  v a lu e s  r e l a t i v e  t o  th e  h i g h e s t  
powered o b j e c t i v e  u s e d ,  from th e  e q u a t io n  o f  t h i s  ou rve  i t  was p o s s i b l e  
t o  e x t r a p o l a t e  t o  a t h e o r e t i c a l  o b j e c t i v e  o f  i n f i n i t e  n u m e r ic a l  a p e r t u r e  
w i th  z e ro  v i s i b i l i t y  e r r o r .  S in c e  t h e  v i s i b i l i t y  e r r o r  had th e n  been 
q u a n t i f i e d ,  i t  was p o s s i b l e  t o  c a l c u l a t e  how much o f  th e  c o r r e c t i o n  
f a c t o r  o r i g i n a l l y  d e te rm in e d  was due t o  v i s i b i l i t y  e r r o r  and how much to  
e l a s t i c  i n d e n t a t i o n  r e c o v e r y .  In  f a c t ,  a s  p r e d i c t e d ,  th e  fo rm er  e f f e c t  
g r e a t l y  p re d o m in a te d .
The e m p i r i c a l  fo rm u la  o b ta in e d  i n d i c a t e d  t h a t  v i s i b i l i t y  e r r o r  was 
p r o p o r t i o n a l  t o  1 /  (N + 0 .3 )  where N was t h e  o b j e c t i v e  n u m er ica l  
a p e r t u r e .  In  a b s o lu t e  t e r m s ,  i t  was found t h a t  th e  a c t u a l  e r r o r  
in t r o d u c e d  by m easu r ing  a Knoop i n d e n t a t i o n  w ith  an o b j e c t i v e  o f  0 .95  NA 
was 1.7 jam, i n c r e a s i n g  t o  2 .9  jam w i th  a 0 .40  NA o b j e c t i v e .  I t  was 
a d m i t t e d ,  how ever, t h a t  t h e s e  f i g u r e s  r e f e r r e d  o n ly  t o  th e  p a r t i c u l a r  
m ic ro sco p e  sys tem  used  i n  th e  ex p e r im e n t  and th e  o b j e c t i v e s  were 
u n c o a t e d .
5.4.1 The work of Tarasov and Thibault
-121-
CD
>
■+-J
/^s
E
a I LV—^
CDu. CD
v_ >
O uv_ CDl_
CD JET
> *
O
<
*<a°” z:
J 5 N T
in
i > O•4—
<D ^> E
a 3
CD CD .>
Jr CJ O d,
fc f
2?< 
E  z  
5  8
o^  ,-V”4
N u m er i ca l  a p e r t u r e
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The m easurement e r r o r  depends on th e  w ave leng th  o f  i l l u m i n a t i o n ,  X, 
on th e  n u m e r ic a l  a p e r t u r e  o f  t h e  o b j e c t i v e ,  N, and on th e  c o rn e r  a n g le  
o f  t h e  i n d e n t a t i o n ,  a .  Bttckle (1954) p u t  th e  m a t t e r  on a more 
t h e o r e t i c a l  b a s i s  by s t a t i n g  t h a t  from Abbe th e o r y  t h i s  e r r o r ,  A  d i s  
g iv e n  by th e  e x p r e s s io n
5.4.2 Theoretical analysis after Bttckle and Qettel
A d A o o t  a /2  _ 0 .33
2 N " N
f o r  g re e n  l i g h t  w i th  a  = 8 0 ° .  V alues  c a l c u l a t e d  from t h i s  fo rm u la  a r e  
p l o t t e d  i n  F ig u re  35. I t  w i l l  be s e en  t h a t  th e  e r r o r  i n t r o d u c e d  i s  much 
g r e a t e r  th a n  t h a t  o b se rv e d  by T arasov  and T h ib a u l t  ( a l s o  p l o t t e d ) . As 
p o in te d  o u t  by B tick le , t h i s  i s  becau se  i n  p r a c t i c e  th e  Abbe t h e o r y  i s  
n o t  f u l l y  a p p l i c a b l e  t o  t h i s  s i t u a t i o n .  In  f a c t ,  t h e  a p e r t u r e  e r r o r  i s  
red u c e d  by a c o n t r a s t  e r r o r  which has  th e  o p p o s i t e  e f f e c t .
The s i t u a t i o n  i s  d i s c u s s e d  i n  more d e t a i l  by O e t t e l  (1966) who s t a t e s  
t h a t  t o  t a k e  a c c o u n t  o f  t h e  i l l u m i n a t i o n  c o n d i t i o n s  t h e  fo rm u la  f o r  
v i s i b i l i t y  e r r o r  sh o u ld  s t r i c t l y  be w r i t t e n :
^  d k A c o t  a /2
A0b + AIn  * AB1
where AQb i s  th e  n u m e r ic a l  a p e r t u r e  o f  th e  o b j e c t i v e  used  ( ’N1 a b o v e ) ,  
AIn  ^n c ^dence  a p e r t u r e  o f  th e  i l l u m i n a t i n g  beam and
Ag i s  t h e  a p e r t u r e  o f  t h e  i l l u m i n a t i n g  beam i t s e l f ,  o r  th e  
co n d e n se r  a p e r t u r e .
The a n a l y s i s  i s  c o m p l ic a te d  by th e  f a c t o r  k ,  which may be c o n s id e re d  
a s  t h e  p ro d u c t  o f  two q u a n t i t i e s ,  k^ and k . F a c to r  k^ w i l l  t a k e  a v a lu e  
o f  one i f  t h e  o b j e c t  i s  n o n - s e l f - l u m i n o u s ,  i n c r e a s i n g  a s  th e  diaphragm  
a p e r t u r e  i s  i n c r e a s e d  and th e  o b j e c t  becomes q u a s i - s e l f - l u m i n o u s  t o  a 
maximum v a lu e  o f  1 .22  f o r  a s e l f - l u m in o u s  o b j e c t ;  and k^ i s  a
p h y s i o l o g i c a l  f a c t o r ,  e n t i r e l y  d e penden t  on th e  o b s e r v e r ,  which w i l l  be
e q u a l  t o  one i n  t h e  w o rs t  c a s e  b u t  may w e l l  be c o n s id e r a b l y  l e s s .  The
f a c t o r  k w i l l  th u s  u s u a l l y  l i e  between ab o u t  0 .5  and 1 .0 .
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I f  we e q u a te  B ttck le ’ s e x p r e s s io n  w i th  O e t t e l ’ s ,  we f i n d  t h a t  
e i t h e r  ( i )  k = 0 .5  and A + A01 = 0
( i i )  k = 1 .0  and AIn  + A ^  = A0b
( i )  i s  n o t  a l lo w e d ,  s i n c e  a l th o u g h  f o r  a x i a l l y  p a r a l l e l  l i g h t  Ag l  would 
e q u a l  0, t h i s  i s  n o t  s t r i c t l y  p o s s i b l e .  In  ( i i ) ,  how ever, i f  one were 
u s in g  norm al i l l u m i n a t i o n  A^ would e q u a l  0 and Ag l  would e q u a l  AQt), i e  
t h e  o b j e c t i v e  would be working a t  f u l l  a p e r t u r e .  A lthough r e s o l u t i o n  
sh o u ld  improve a s  AQt), t h i s  does n o t  i n  f a c t  occu r  (b ecau se  o f
s u p e r p o s i t i o n  o f  m u tu a l ly  i n c o h e r e n t  images w i th  d i f f e r i n g  image 
c o n t e n t s ) .  So t o  o b t a i n  t h e  t h e o r e t i c a l  upper  l i m i t  when A ^  + Afil = AQfc) 
one would have  t o  employ e i t h e r  e x t r e m e ly  o b l iq u e  i l l u m i n a t i o n  w i th  an 
e c c e n t r i c a l l y  l o c a t e d  d iaphragm  p la c e d  e x tre m e ly  o b l i q u e l y  on one s i d e ,  
o r  e x tr e m e ly  o b l i q u e l y  from a l l  s i d e s  w i th  an a n n u la r  d iaphragm : c o n ic a l  
i l l u m i n a t i o n .
I f  we e q u a te  T arasov  and T h i b a u l t 1s e x p r e s s io n  w ith  O e t t e l ’ s ,  we f in d  
t h a t  k = 0 .5  and A + Ag^ = 0 . 3  o r  w i th  norm al i l l u m i n a t i o n  
*Bi = 0 .3
Now i n  p r a c t i c e  t h e  c o n d e n se r  a p e r t u r e  i s  chosen  t o  be somewhere between 
one t h i r d  and two t h i r d s  o f  t h e  o b j e c t i v e  a p e r t u r e ,  i e :
"3 A0b — AB1 and AB1 — T  A0b
Taking Ag^ = 0 .3 ,  t h e s e  c o n d i t i o n s  mean t h a t  Aq^ £ 0 . 9  and 0 .4 5  £  Aq^ .
These f i g u r e s  c o r r e s p o n d  w e l l  w i th  a l l  d ry  o b j e c t i v e s  commonly used  f o r  
m easurem ent o f  m i c r o - i n d e n t a t i o n s , so  th e  a d d i t i o n  o f  0 .3  t o  th e  
o b j e c t i v e  NA i n  T arasov  and T h i b a u l t ’ s e m p i r i c a l  r e l a t i o n s h i p  may be 
t h e o r e t i c a l l y  j u s t i f i e d .
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O e t t e l ’ s r e l a t i o n s h i p  can be s a t i s f i e d  in  two ways:•i
a) norm al i l l u m i n a t i o n :  A_ = 0 :  A„.. = ■=■In  7 B1 3 Ob
b) o b l iq u e  i l l u m i n a t i o n :  A + k = An.
i n  d i  u d
V alues f o r  th e  m easurem ent e r r o r ,  A  d , can th e n  be c a l c u l a t e d  (assum ing 
k = 0 .5 ,  a  s 80° and A = 550 nm, i n  ag reem en t w i th  Bttckle) and th e  
r e s u l t s  a r e  shown in  F ig u re  35.
The same a n a l y s i s  a p p l i e s  t o  Knoop i n d e n t a t i o n s ,  e x c e p t  t h a t  w i th  a 
much more a c u te  c o rn e r  a n g le  t h e  c o r r e s p o n d in g  v a lu e s  a r e  s i x  o r  seven  
t im e s  g r e a t e r .
5 .5  CONCLUSION
I t  has  th u s  been shown t h a t  th e  e r r o r  in v o lv e d  i n  m easu r ing  an 
i n d e n t a t i o n  depends on th e  o b j e c t i v e  n u m e r ic a l  a p e r t u r e  (which 
d e te r m in e s  t h e  r e s o l u t i o n  o f  t h e  im aging sys tem ) and a l s o  on th e  
i l l u m i n a t i o n  c o n d i t i o n s  (A^n : A ^  -  t h e  r a t i o  o f  o b j e c t i v e  : co n d e n se r  
a p e r t u r e s ) .
One f i n a l  f a c t o r  which may be o f  im p o r ta n c e  i s  a  m a g n i f i c a t i o n  e f f e c t
i n t r o d u c e d  a s  a  r e s u l t  o f  d e fo c u s .  I f  a  t e l e c e n t r i c  image i s  p roduced  a s
a r e s u l t  o f  t h e  m ic ro sco p e  b e in g  a d ju s t e d  f o r  Ktthler i l l u m i n a t i o n  t h e r e  
i s  no such  e f f e c t ;  how ever, i f  t h e  image i s  c o n v e n t i o n a l ,  o b j e c t s  a p p e a r  
l a r g e r  th e  c l o s e r  th e y  a r e  t o  th e  im aging  sy s tem .
The q u e s t i o n  which u l t i m a t e l y  a r i s e s  i s :  can such  e f f e c t s  be d e t e c t e d  
i n  p r a c t i c e ?  Using t h e  same c o n d e n se r  : o b j e c t i v e  NA r a t i o ,  th e  m easured 
d im ens ion  o f  a  V ic k e rs  i n d e n t a t i o n  s h o u ld  change by o n ly  ab o u t  0 .2  pm 
betw een th e  c a s e s  when th e  o b j e c t i v e  n u m e r ic a l  a p e r t u r e  i s  0 .4  and when 
i t  i s  0 .9 .
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A PRACTICAL EVALUATION OF INDENTATIO N MEASUREMENT
6 .1  INTRODUCTION
Having d i s c u s s e d  i n  th e  p r e v io u s  c h a p te r  th e  t h e o r y  o f  m ic ro scope  
i l l u m i n a t i o n ,  t h i s  c h a p te r  c o n ta i n s  th e  r e s u l t s  o f  p r a c t i c a l  
e x p e r im e n ta l  work aimed a t  q u a n t i f y i n g  and p e rh a p s  j u s t i f y i n g  th e s e
c o n c lu s io n s  f o r  th e  c a s e  o f  m i c r o - i n d e n t a t i o n s . T h is  i s  p a r t i c u l a r l y  
complex due t o  th e  t h r e e - d i m e n s i o n a l  n a tu r e  o f  such  f e a t u r e s ;  in d e e d ,  
h e r e i n  l i e s  th e  main problem  o f  i n d e n t a t i o n  m easurem ent. In  o r d e r  t o  
a c h ie v e  good r e s o l u t i o n ,  a m ic ro sco p e  o b j e c t i v e  w ith  h ig h  n u m e r ic a l  
a p e r t u r e  i s  r e q u i r e d .  However, th e  h ig h e r  t h e  NA th e  more r e f l e c t e d  
l i g h t  i s  c o l l e c t e d  from i n s i d e  th e  i n d e n t a t i o n  th e r e b y  r e d u c in g  th e  
c o n t r a s t  between th e  i n d e n t a t i o n  and th e  s u r ro u n d in g  s u r f a c e .
The fu n d am en ta l  r e p e a t a b i l i t y  w i th  which one can s e t  on an 
i n d e n t a t i o n  c o rn e r  w i l l  f i r s t  be q u a n t i f i e d  to  a s s e s s  th e  u l t i m a t e  
a c c u ra c y  which m igh t be a c h ie v e d .  A method by which th e  a p e r t u r e  s to p  
d ia m e te r  can  be m easured i s  th e n  d i s c u s s e d  p r i o r  t o  th e  e f f e c t  o f  
o v e r a l l  m ic ro scope  m a g n i f i c a t i o n  on a p p a re n t  i n d e n t a t i o n  s i z e  and th e  
e f f e c t  o f  v a ry in g  t h i s  s to p  d ia m e te r  a t  one m a g n i f i c a t i o n .  Methods o f
o b t a i n in g  g r e a t e r  r e s o l u t i o n  by means o f  a s c a n n in g  e l e c t r o n  m ic roscope
a r e  c o n s id e r e d  and f i n a l l y  t h e  p o s s i b i l i t y  o f  p ro d u c in g  a c c u r a t e  
r e p l i c a s  o f  m i c r o - i n d e n t a t i o n s  (which m ight a l lo w  c o n t a c t i n g  methods o f  
measurem ent to  be employed) i s  d i s c u s s e d .
The m ic ro scope  u sed  th ro u g h o u t  t h i s  work had th e  f a c i l i t y  o f  chang ing  
th e  o v e r a l l  m a g n i f i c a t i o n  when u s in g  th e  same o b j e c t i v e  by i n s e r t i n g  
i n t e r m e d ia t e  s t e p  chang ing  l e n s e s  i n t o  th e  o p t i c a l  p a th .  Four such  
l e n s e s  were a v a i l a b l e  and T ab le  1 g iv e s  a l i s t  o f  th e  a t t a i n a b l e  o v e r a l l  
m a g n i f i c a t i o n s ,  assum ing  th e  use  o f  a  x10 e y e p ie c e .
C H A P T E R  6
-  126 -
S tep  l e n s  
O b je c t iv e
x 0 .8 x 1 .0 x 1 .25 x 2 .0
x5 40 50 6 2 .5 100
x20 160 200 250 400
x50 400 500 625 1000
x 1 00 800 1000 1250 2000
T ab le  1. O v e r a l l  m a g n i f i c a t i o n s  a v a i l a b l e  
( th ro u g h  th e  e y e p ie c e s )
I t  th u s  becomes a p p a r e n t  t h a t  f o r  each  o f  th e  t h r e e  h ig h e r  powered 
o b j e c t i v e s  (which were t h e  o n ly  ones s u i t a b l e  f o r  t a k i n g  m easurem ents -  
th e  x5 o b j e c t i v e  was s im p ly  u sed  t o  l o c a t e  a r e a s  o f  i n t e r e s t )  i t  was 
p o s s i b l e  t o  a c h ie v e  th e  same nom inal o v e r a l l  m a g n i f i c a t i o n  w ith  
s u c c e s s iv e  o b j e c t i v e s .  T h is  o v e r l a p  e n a b le d  a c o n t in u o u s  s e t  o f  r e a d in g s  
t o  be o b t a i n e d .
In  o r d e r  t o  i n v e s t i g a t e  th e  e f f e c t  o f  i l l u m i n a t i o n  c o n d i t i o n s  upon 
th e  a p p a re n t  s i z e  o f  a m i c r o - i n d e n t a t i o n , a number o f  s e p a r a t e  
e x p e r im e n ts  were pe rfo rm ed  which a r e  d e s c r ib e d  h e r e i n a f t e r .
6 .2  MEASUREMENT REPEATABILITY ON ONE INDENTATION
I n i t i a l l y ,  50 r e a d i n g s  o f  each  d ia g o n a l  were t a k e n ,  b u t  a t y p i c a l  s e t  
o f  r e s u l t s  ( s e e  T ab le  2) i n d i c a t e s  t h a t  i n  o r d e r  t o  a c h ie v e  a 
s u f f i c i e n t l y  c o n s i s t e n t  mean w i th  a c c e p ta b ly  low s ta n d a r d  d e v i a t i o n  i t  
was u n n e c e s s a ry  t o  t a k e  so  many r e p e a t  r e a d i n g s .  T h is  was con firm ed  by 
th e  f a c t  t h a t  on r e t u r n i n g  t o  c e r t a i n  i l l u m i n a t i o n  c o n d i t i o n s  th e  mean 
v a lu e  o b ta in e d  was found to  be n o t i c e a b l y  d i f f e r e n t  from t h a t  m easured 
a t  f i r s t ;  i n  t h i s  c a s e ,  9 6 .8 8  (0 .1 5 )  and 96.51 ( 0 . 1 4 ) .  T h is  o f  c o u rse  
f u r t h e r  c o n f i rm s  th e  c o n c lu s io n  a l r e a d y  re a c h e d  t h a t  a t r a i n e d  o b s e rv e r  
can s e t  e x tre m e ly  r e p e a t a b l y  on th e  c o r n e r s  o f  any g iv e n  i n d e n t a t i o n .
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1 R eadings
i
! Mean
ii
' s . d .  1
i i i i
1 10
ii
1 9 6 .63
i i i i
! 0 .16  I
I 20 ! 9 6 .6 2 I 0 .19 I
! 30 1 9 6 .6 0 ! 0.21 I
I 40 ! 96 .59 I 0.21 !
1 50 1 96 .59
ii
1 0 .19  I
i ii i
Tab le  2. Change o f  mean and s ta n d a r d  d e v i a t i o n  
w i th  number o f  r e a d in g s  
(x20 o b j e c t i v e ,  x 1 .2 5  i n t e r m e d ia t e  l e n s )
The p r o c e s s  was h e lp e d  by d i s p l a y i n g  th e  i n d e n t a t i o n  image on a 
t e l e v i s i o n  s c r e e n .  A lthough th e  e x t r a  m a g n i f i c a t i o n  th u s  o b ta in e d  was 
’ em pty’ ( i t  d id  n o t  i n c r e a s e  t h e  r e s o l u t i o n  a t t a i n a b l e )  i t  d id  a id  
v i s i b i l i t y .  When m easu r ing  u s in g  a c o n v e n t io n a l  m ic rom e te r  e y e p ie c e ,  th e  
l i n e  a g a i n s t  which th e  c o rn e r  i s  s e t  o f t e n  has  an a p p r e c i a b l e  w id th .  In  
t h i s  c a s e ,  how ever, t h e  l i n e  (which was e l e c t r o n i c a l l y  g e n e ra te d  and 
superim posed  on th e  s c r e e n )  had a w id th  n e g l i g i b l e  i n  com parison  w ith  
th e  i n d e n t a t i o n  s i z e .
I t  i s  i n t e r e s t i n g  t o  n o t e ,  how ever, t h a t  t h e  s ta n d a r d  d e v i a t i o n  
o b ta in e d  was a lm o s t  a lw ays  i n  t h e  r e g io n  0.1 jim t o  0 .2  jam w hichever  
o b j e c t i v e  was i n  u s e .  T h is  i s  somewhat s u r p r i s i n g ,  s i n c e  more pow erfu l  
o b j e c t i v e s  w i th  h ig h e r  n u m e r ic a l  a p e r t u r e s  w i l l  have h ig h e r  r e s o l u t i o n  
and one would t h e r e f o r e  e x p e c t  t h e  c o r n e r s  t o  be b e t t e r  d e f in e d  and th e  
s e t t i n g  more r e p e a t a b l e .  There  a r e  two f a c t o r s  t o  c o n s id e r  h e r e .  F i r s t l y  
w he ther  improved r e s o l u t i o n  does  i n  f a c t  a l lo w  one t o  s e t  more 
r e p e a t a b l y  on th e  i n d e n t a t i o n  c o r n e r  ( t h i s  w i l l  be d i s c u s s e d  f u r t h e r  
when c o n s id e r in g  m easurem ent u s in g  t e c h n iq u e s  o f  e l e c t r o n  m icroscopy  
which d o e s ,  o f  c o u r s e ,  e n a b le  v e ry  much h ig h e r  r e s o l u t i o n  t o  be 
a c h i e v e d ) .  S e c o n d ly ,  i s  t h e r e  some o t h e r  f a c t o r  a p a r t  from m icro scope  
r e s o l u t i o n  which i s  l i m i t i n g  th e  r e p e a t a b i l i t y ?
I t  h as  f r e q u e n t l y  been n o te d  t h a t  p o s i t i o n a l  r e a d i n g s  from th e  p la n e
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m ir r o r  l a s e r  i n t e r f e r o m e t e r  sys tem  were n o t  s t e a d y ;  th e  r e a d in g  
f l u c t u a t e d  c o n s id e r a b l y  i n  t h e  second  d ec im al  p l a c e  (when m easu r ing  i n  
m ic r o m e t r e s ) .  T h is  i s  u n d o u b te d ly  due t o  some background  l e v e l  o f  
v i b r a t i o n  i n  t h e  l a b o r a t o r y  w h ich , i f  g r e a t  enough, w i l l  s e rv e  t o  add 
u n c e r t a i n t y  t o  t h e  s p a t i a l  r e s o l u t i o n .  In  o r d e r  t o  a s s e s s  th e  m agnitude  
o f  t h i s  e f f e c t ,  t h i r t y  p o s i t i o n a l  r e a d in g s  were t a k e n  on s e v e r a l  
o c c a s io n s  a t  two second i n t e r v a l s  w i th o u t  to u c h in g  any o f  th e  equ ipm en t.  
These were found t o  v a ry  by up t o  +_ 0 .1  jam, th e  s t a n d a r d  d e v i a t i o n  o f  
th e  s e t  b e in g  a t  b e s t  0 .0 4  pm. I t  was th u s  d e c id e d  t h a t  a  c e r t a i n  amount 
o f  p o s i t i o n a l  i n f o r m a t io n  was b e in g  l o s t  a s  a  d i r e c t  r e s u l t  o f  
v i b r a t i o n .  At a l a t e r  s t a g e ,  t h e r e f o r e ,  th e  o p t i c a l  m ic roscope  (and 
a s s o c i a t e d  p la n e  m i r r o r  l a s e r  i n t e r f e r o m e t e r  m easu r in g  system ) was 
mounted on a v i b r a t i o n - i s o l a t e d  a i r  t a b l e  and th e  e x p e r im e n t  r e p e a t e d .  
T h is  t im e  th e  s p re a d  o f  r e s u l t s  was o n ly  +_ 0 .0 5  pm w i th  a s tandard ,  
d e v i a t i o n  b e t t e r  th a n  0 .0 3  pm.
6 .3  APERTURE STOP CALIBRATION
S in c e  a m ic ro m e te r  e y e p ie c e  was n o t  a v a i l a b l e ,  i t  became n e c e s s a r y  t o  
m easure  th e  o b j e c t i v e  p u p i l  and a p e r t u r e  s to p  d ia m e te r  i n  th e  r e a r  f o c a l  
p la n e  o f  t h e  o b j e c t i v e .  A g r a t i c u l e  h o ld e r  was t h e r e f o r e  c o n s t r u c t e d  
which screw ed i n t o  a s p a r e  p o s i t i o n  on th e  o b j e c t i v e  n o s e p ie c e  t u r r e t ,  
a l lo w in g  an a c c u r a t e l y  c a l i b r a t e d  s c a l e  to  be p o s i t i o n e d  in  th e  r e a r  
f o c a l  p la n e  o f  t h e  o b j e c t i v e s .  By u s in g  a B e r t r a n d  l e n s  t o  b r in g  th e  
r e a r  f o c a l  p la n e  o f  t h e  o b j e c t i v e s  i n t o  th e  f o c a l  p la n e  o f  th e  e y e p ie c e  
t h e  d ia m e te r  o f  each  o b j e c t i v e  p u p i l  c o u ld  be m easu red , and a c a l i b r a t e d  
s c a l e  c o n s t r u c t e d  t o  s e t  th e  a p p r o p r i a t e  a p e r t u r e  s to p  d ia m e te r .  The 
n u m e r ic a l  a p e r t u r e  o f  th e  c o n d e n se r  co u ld  th e n  be s e t  t o  e x a c t l y  
t w o - t h i r d s  t h a t  o f  t h e  im aging  o b j e c t i v e  ( s e e  F ig u re  36) by lo o k in g  down 
th e  m ic ro scope  w i th o u t  n e e d in g  t o  remove th e  e y e p ie c e .  F u r th e rm o re ,  
q u a n t i t a t i v e  e x p e r im e n ts  c o u ld  be u n d e r ta k e n  t o  i n v e s t i g a t e  th e  e f f e c t  
o f  r a t i o s  o t h e r  th a n  2:3* As can be se en  from F ig u re  36, th e  co n d en se r  
d iaphragm  i t s e l f  was ( i n  t h e  c a se  o f  t h i s  R e ic h e r t  P o ly v a r  m ic ro scope)  
o c ta g o n a l  i n  sh a p e ;  and i t  can a l s o  be seen  from t h i s  f i g u r e  t h a t  i n  
o r d e r  t o  m a in ta in  th e  r e q u i r e d  r a t i o  o f  2 :3  between th e  a p e r t u r e  s to p  
and th e  o b j e c t i v e  p u p i l ,  i t  becomes n e c e s s a r y  t o  h a lv e  th e  d ia m e te r  o f  
th e  fo rm er when chang ing  betw een th e  lo w e s t  and h i g h e s t  powered 
o b j e c t i v e s  a v a i l a b l e  on t h i s  m ic ro sc o p e .
- 129 -
x 5 O b j e c t i v e ,  0 . 1 0  N.A 
pupil  d i a m e t e r  65  
s t o p  d i a m e t e r  56
x 20 O b j e c t i v e ,  0 . 4 0  N.A 
pupi l  d i a m e t e r  6 0  
s t o p  d i a m e t e r  5 2
x 5 0  O bj ec t iv e ,  0 . 7 0 N.A 
pupil  d i a m e t e r  4 6  
s t o p  d i a m e t e r  4 0
x 1 0 0  O b j e c t i v e ,  0 . 9 5  N.A 
pupi l  d i a m e t e r  33 
s t o p  d i a m e t e r  28
Fig .  36 A p e r t u r e  s t o p  s e t t i n g s  
o b j e c t i v e s .
for R e i c h e r t  polyvar
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6.3.1 Practical use of a Bertrand lens
I t  i s  s u g g e s te d  by one m a n u fa c tu re r  t h a t  an i n d e n t a t i o n  be c e n t r e d  in  
t h e  m ic ro scope  f i e l d  o f  v iew , th e n  th e  B e r t ra n d  l e n s  i n t r o d u c e d  i n t o  th e  
l i g h t  p a th .  On c l o s i n g  th e  a p e r t u r e  s to p ,  f i v e  images o f  t h i s  can be 
s e e n ,  th e  c e n t r a l  one c o r r e s p o n d in g  to  v e r t i c a l  b r i g h t f i e l d  i l l u m i n a t i o n  
and th e  o t h e r  f o u r  t o  o b l iq u e  b r i g h t f i e l d  i l l u m i n a t i o n  o f  th e  pyramid 
w a l l s .  I t  i s  s t a t e d  t h a t  t h e  s i z e  o f  th e  a p e r t u r e  s to p  i s  c o r r e c t  i f
s to p  images a r e  a lm o s t  i n  c o n t a c t  w i th  each  o t h e r .
T h is  i s  i l l u s t r a t e d  i n  F ig u re  3 7 ( a ) .  In  p r a c t i c e ,  however, when t h i s  
method was t r i e d  u s in g  th e  R e io h e r t  P o ly v a r  m ic ro sc o p e ,  t h e  s i t u a t i o n  
was by no means so w e l l  d e f i n e d .  Of a l l  th e  o b j e c t i v e s  i t  was o n ly  th e  
x50 (0 .7 0  NA) which y i e l d e d  a s a t i s f a c t o r y  group o f  im ages ,  p r i n c i p a l l y  
due t o  th e  s i z e  o f  i n d e n t a t i o n  r e q u i r e d .  I t  was a p p a r e n t l y  n e c e s s a ry  t o  
f i l l  t h e  f i e l d  o f  v iew o f  t h e  o b j e c t i v e ,  so  i t  was n o t  p o s s i b l e  to  
o b t a i n  s u f f i c i e n t l y  l a r g e  i n d e n t a t i o n s  f o r  t h i s  method t o  work w ith  
low er powered o b j e c t i v e s .  In  t h e  c a se  o f  th e  x100 (0 .9 5  NA) o b j e c t i v e ,
a l th o u g h  weak im ages were a p p a r e n t ,  t h e  d e p th  o f  fo c u s  was so sm a l l  t h a t
t h e  whole o f  each  o f  th e  f o u r  i n d e n t a t i o n  f a c e s  co u ld  n o t  be used  to  
r e f l e c t  l i g h t  back i n t o  t h e  o b j e c t i v e .  The method was th u s  judged  t o  be 
o f  rem ark ab ly  l i t t l e  p r a c t i c a l  v a lu e .
However, t o  q u a n t i f y  th e  e f f e c t  u s in g  th e  one s u i t a b l e  o b j e c t i v e ,  th e  
c a l i b r a t e d  a p e r t u r e  s to p  was a d j u s t e d  t o  c r e a t e  a  s e r i e s  o f  p a t t e r n s  
r e l a t i n g  t o  t h e  r e l a t i v e  s i z e s  o f  o b j e c t i v e  and a p e r t u r e .  These a r e  
i l l u s t r a t e d  in  F ig u re  3 7 ( a - c )  f o r  th e  x50 o b j e c t i v e .
a )  r e p r e s e n t s  t h e  s i t u a t i o n  when th e  a p e r t u r e  s to p  was c lo s e d  down to  
202 o f  t h e  a r e a  o f  t h e  o b j e c t i v e  p u p i l ;
b) r e p r e s e n t s  th e  s i t u a t i o n  where th e  c o n d e n se r  NA i s  452 t h a t  o f  th e  
o b j e c t i v e ;
c) r e p r e s e n t s  t h e  s i t u a t i o n  where t h e  condense r  NA i s  952 t h a t  o f  th e  
o b j e c t i v e .
The i n t e r e s t i n g  f e a t u r e  i s  t h a t  a r a t i o  o f  2 :3  o r  662 i s  u s u a l l y  
c o n s id e r e d  optimum f o r  t h e  c o n d e n se r :  o b j e c t i v e  NA r a t i o .  However, t h i s  
i s  i n  d i r e c t  c o n f l i c t  w i th  th e  a d v ic e  t h a t  th e  images sh o u ld  be ’a lm os t  
i n  c o n t a c t ’ which has  been shown to  c o r re s p o n d  to  a r a t i o  o f  
a p p ro x im a te ly  202.
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Fig. 37 I m a g e s  of a p e r t u r e  s t o p  w h e n  o b s e r v i n g  
an i n d e n t a t i o n  t h r o u g h  t h e  B e r t r a n d  l e ns .
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6.4 EFFECT OF OVERALL MAGNIFICATION ON APPARENT INDENTATION SIZE
Keeping th e  c o n d e n se r  NA a t  2 /3  th e  o b j e c t i v e  NA f o r  each  o f  t h e  
t h r e e  o b j e c t i v e s  u s e d ,  a  s e t  o f  r e a d in g s  was o b ta in e d  f o r  th e  d ia g o n a l  
l e n g t h  o f  one V ic k e rs  i n d e n t a t i o n ;  Tab le  3 sum m arizes th e  r e s u l t s  o f  
some 500 m easu rem en ts .  The o v e r a l l  p i c t u r e  becomes even c l e a r e r  when th e  
v a lu e  ( i n  m ic ro m e tre s )  i n  e x c e s s  o f  96 jam m easured a t  each  m a g n i f i c a t i o n  
i s  d i s p l a y e d  ( s e e  T ab le  4 ) .
I t  was c o n s id e r e d  a d v i s a b l e  t o  check  th e  s i t u a t i o n  n o t  o n ly  f o r  a 
r e l a t i v e l y  h a rd  b lo c k  b u t  a l s o  f o r  an i n d e n t a t i o n  i n  a s o f t  b lo ck  which 
had a q u i t e  d i f f e r e n t  t h r e e  d im e n s io n a l  shape  due t o  m a t e r i a l  p i l e d  up 
a lo n g  i t s  s i d e s .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  shown i n  a 
s i m i l a r  manner in  T ab le  5.
I t  was a l s o  d e c id e d  t o  i n v e s t i g a t e  w he ther  t h e  same e f f e c t  would be 
o b se rv e d  when m easu r ing  an i n d e n t a t i o n  o f  d i f f e r e n t  s h a p e .  Using a Knoop 
i n d e n t a t i o n  o f  a p p ro x im a te ly  80 jam l e n g t h ,  th e  a v e ra g e  i n d e n t a t i o n  s i z e  
i n  e x c e s s  o f  79 jam a t  v a r i o u s  m a g n i f i c a t i o n s  i s  shown i n  Tab le  6.
Having p e rfo rm ed  t h i s  e x p e r im e n t  on two d i f f e r e n t  t h r e e  d im e n s io n a l  
s h a p e s ,  t h e  e x p e r im e n t  was r e p e a te d  by m easu r ing  th e  d i s t a n c e  between 
two l i n e s  on a s t a g e  m ic ro m e te r  a t  v a r io u s  m a g n i f i c a t i o n s .  These r e s u l t s  
( i n  e x c e s s  o f  99*7 jam) a r e  shown in  T ab le  7.
6 .4 .1  D is c u s s io n  o f  r e s u l t s
W ith in  t h e  l i m i t s  o f  a c c u ra c y  o f  t h e s e  e x p e r im e n ts  (remembering t h a t  
t h e  s t a n d a r d  d e v i a t i o n  o f  each  f i g u r e  i n  th e  t a b l e  i s  no b e t t e r  th an
0 . 1 . jam f o r  V ic k e rs  and 0 .3  Jim f o r  Knoop i n d e n t a t i o n s ,  th e  fo l lo w in g  
c o n c lu s io n s  may be drawn:
1. O v e r a l l  m a g n i f i c a t i o n  g r e a t e r  th a n  x400 does n o t  a p p e a r  to  change th e  
m easured i n d e n t a t i o n  d i a g o n a l  l e n g t h .
2. Num erical a p e r t u r e  does  n o t  a p p e a r  t o  a f f e c t  th e  m easured l e n g t h  when 
u s in g  th e  x50 o r  x100 o b j e c t i v e .
T h is  i s  n o t  s u r p r i s i n g ,  s i n c e  from th e  t h e o r e t i c a l  a n a l y s i s  p r e s e n t e d  
i n  t h e  p r e v io u s  c h a p t e r ,  a  change i n  NA from 0 .7  t o  0 .95  would r e s u l t  
i n  a change in  l e n g t h  o f  l e s s  th a n  0 .1  jam.
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O b je c t iv e
l e n s
I n te r
x 0 .8
’m ed ia te  le r  
x 1 .0
is m ag n if ie s  
x 1 .25
r t i o n  
x 2 . 0
x2.0 
x50 
x100
9 7 .2 2
9 6 .4 5
9 6 .2 5
9 6 .6 5  
9 6 .1 8  
96 .41
9 6 .6 6
9 6 .1 2
9 6 .2 7
9 6 .3 2
9 6 .0 8
9 6 .2 0
T ab le  3. Average d i a g o n a l  l e n g th  o f  one V ic k e rs  i n d e n t a t i o n  
on a ’ h a r d 1 b lo ck  a t  v a r io u s  m a g n i f io a t i o n s
O b je c t iv e
l e n s
I n te r
x 0 .8
’m e d ia te  le r  
x 1 .0
is m agn if ie s  
x 1 .25
i t i o n  
x 2 .0
x20 
x50 
x100
1.22
0 .45
0 .2 5
0 .65
0 .1 8
0.41
0 .66  
0 .1 2  
0 .2 7
0 .3 2
0 .08
0 .20
T ab le  4 . Average d ia g o n a l  l e n g t h  i n  e x c e s s  o f  96 jam f o r  one V ic k e rs  
i n d e n t a t i o n  on a ’h a r d '  b lo ck  a t  v a r io u s  m a g n i f i c a t i o n s
O b je c t iv e
l e n s
I n t e r
x 0 .8
’m ed ia te  l e r  
x 1 .0
is m ag n if ie s  
x 1 .25
i t i o n
X2.0
x20 
x50 
x100
2 .46  
0 .5 0  . 
0 .24
1.04
0 .37
0 .54
1.46
0 .2 4
0.36
0 .47
0 .05
0 .34
T ab le  5- Average d i a g o n a l  l e n g t h  i n  e x c e s s  o f  96 urn f o r  one V ic k e rs  
i n d e n t a t i o n  on a ’ s o f t '  b lo ck  a t  v a r i o u s  m a g n i f i c a t i o n s
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• O b je c t iv e  
l e n s
I n te r
x 0 .8
’m e d ia te  le r  
x 1 .0
is m ag n if ie s  
x 1 .25
i t i o n  
x 2 .0
x20 
x50 
x1 00
1.28 
0.81 
0 .1 7
0 .98
0 .40
0 .45
0 .8 3
0 .33
0 .47
0 .67
0.61
0 .52
T ab le  6 . Average d ia g o n a l  l e n g t h  i n  e x c e s s  o f  79 jam f o r  one Knoop 
i n d e n t a t i o n  on a ’hard* b lo ck  a t  v a r io u s  m a g n i f i c a t i o n s
O b je c t iv e
l e n s
I n te r  
xO. 8
’m e d ia te  l e r  
x 1 .0
is m ag n if ie s  
x 1 .25
i t i o n  
x2. 0
x20 
x50 
x 1 00
0 .06  
0 .1 0  
0 .39
0 .20
0.31
0 .27
0 .3 5
0.31
0 .18
0.21
0.38
0 .3 3
T ab le  7 .  Average d i s t a n c e  betw een two l i n e s  on a s t a g e  m ic rom ete r  
i n  e x c e s s  o f  9 9 .7  jam a t  v a r i o u s  m a g n i f i c a t i o n s
3. I t  does a p p e a r ,  however, t h a t  a t  v e ry  low m a g n i f i c a t i o n s  u s in g  th e  
x20 ( 0 .4  NA) o b j e c t i v e  t h e  a p p a r e n t  i n d e n t a t i o n  l e n g t h  i n c r e a s e s  
s i g n i f i c a n t l y .  However,
a)  a c c e p te d  th e o r y  i n d i c a t e s  t h a t  a t  a s m a l l e r  n u m e r ic a l  a p e r t u r e  th e
i n d e n t a t i o n  sh o u ld  be m easured even s h o r t e r  th a n  a t  h ig h  NA, which
i s  in  d i r e c t  c o n f l i c t  w i th  th e  r e s u l t s  o b t a i n e d .
b) A ccepted  th e o r y  s u g g e s t s  t h a t  th e  e f f e c t  sh o u ld  be s i x  o r  seven
t im e s  g r e a t e r  f o r  Knoop i n d e n t a t i o n s ,  w hereas  i n  f a c t  i t  i s  found
t o  be q u i t e  co m p a rab le .
c )  The e f f e c t  i s  g r e a t e s t  on a s o f t  b lo c k .
For t h e s e  r e a s o n s ,  and s i n c e  t h e  e f f e c t  i s  n o t  a p p a re n t  when m easu r ing  a
s t a g e  m ic ro m e te r ,  i t  i s  c o n c lu d ed  t h a t  t h i s  d i f f e r e n c e  i s  due to  th e
t h r e e  d im e n s io n a l  n a tu r e  o f  th e  i n d e n t a t i o n s .
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The pu rp o se  o f  u s in g  o b j e c t  p la n e  m easurem ents on th e  o p t i c a l  a x i s  o f  
t h e  m ic ro scope  was t o  m in im ise  a b e r r a t i o n s  in t r o d u c e d  by th e  optica-1 
components o f  one p a r t i o u l a r  sy s tem  and t o  e l i m i n a t e  th e  v i s i b i l i t y  
e r r o r  d i s c u s s e d  p r e v i o u s l y .  The fo re g o in g  r e s u l t s  do show t h a t  t h i s  
p r o c e s s  has  l e d  t o  a  c o n s i s t e n t  v a lu e  o f  i n d e n t a t i o n  d ia g o n a l  l e n g t h  
h a v in g  been a c h ie v e d  a t  m a g n i f i c a t i o n s  g r e a t e r  th a n  x400 and th e  
a p p a r e n t  i n c r e a s e  below t h i s  i n d i c a t e s  t h a t  f a c t o r s  o t h e r  th an  th e  
v i s i b i l i t y  e r r o r  a r e  r e s p o n s i b l e  f o r  any r e s i d u a l  e r r o r .  P r o j e c t i o n  o f  
th e  image on to  a t e l e v i s i o n  s c r e e n  a t  even h i g h e r  m a g n i f i c a t i o n  has  
a l s o  e l i m i n a t e d  o b s e r v e r  b i a s  i n  p o s i t i o n i n g  th e  i n d e n t a t i o n  c o rn e r  
a g a i n s t  a f i d u c i a l  l i n e .  The q u e s t i o n  t h a t  th u s  rem a in s  i s :  how w e l l  
does  th e  v a lu e  o f  d i a g o n a l  l e n g t h  a c h ie v e d  h e re  c o r re s p o n d  w ith  t h a t  
a c h ie v e d  by a sy s tem  w i th  " i n f i n i t e "  r e s o l u t i o n ?  I f  th e  v i s i b i l i t y  e r r o r  
i s  s t i l l  p r e s e n t ,  a  d i f f e r e n c e  o f  some 0 .3  j-im s h o u ld  be o b se rv ed  between 
t h i s  and the  o p t i c a l  r e s u l t .
6 .5  COMPARISON OF IMAGE PLANE AND OBJECT PLANE MEASUREMENTS
S in c e  th e  p r e v io u s  e x p e r im e n ts  were perfo rm ed  on one p a r t i c u l a r  
m ic ro scope  i n  one d e f i n i t e  mode o f  o p e r a t i o n ,  i t  was d e c id e d  to  compare 
d i r e c t l y  v a lu e s  o b t a in e d  by c o n v e n t io n a l  m easu r ing  e y e p ie c e  (image 
p la n e )  methods and th o s e  o b t a in e d  by th e  n u l l i n g  ( o b j e c t  p la n e )  m ethod. 
Knoop i n d e n t a t i o n s  were s e l e c t e d  f o r  t h i s  e x e r c i s e  a s  w e l l  a s  V io k e rs  
s i n c e  th e  m a g n i f i c a t i o n  w hich c o u ld  be employed was p re d e te rm in e d  (x500 
o v e r a l l :  x50, 0 .6 5  NA o b j e c t i v e  and x10 e y e p ie c e ) ,  th e  a p e r t u r e
diaphragm  was n o t  a d j u s t a b l e  and i t  was th o u g h t  t h a t  i t  would be e a s i e r  
t o  see  any e f f e c t  th a n  when v iew in g  a V ic k e rs  i n d e n t a t i o n .
U n f o r tu n a t e l y ,  t h i s  e x p e r im e n t  gave a n u l l  r e s u l t .  The answ ers  
o b t a in e d  by bo th  o b s e r v e r s  ( s e e  T a b le s  8 and 9 )  were t h e  same f o r  bo th  
methods and bo th  i n d e n t a t i o n s .  However, n o t  to o  much im p o r ta n c e  sh o u ld  
be a t t a c h e d  t o  t h e s e  r e s u l t s  f o r  a number o f  r e a s o n s .  F i r s t l y ,  th e  
m ic ro scope  system  used  was n o t  th e  h ig h  q u a l i t y  R e i c h e r t  P o ly v a r  bu t  an 
i n f e r i o r  com m ercial d e v ic e .  S e c o n d ly ,  o n ly  one m a g n i f i c a t i o n  was 
a v a i l a b l e  and t h i r d l y ,  th e  e f f e c t  o f  o b s e rv e r  b i a s  overwhelms any o t h e r  
e f f e c t ,  O bserver  2 m easu r ing  th e  i n d e n t a t i o n s  c o n s i s t e n t l y  0 .8  jam 
s h o r t e r  th an  O bserver  1.
136 -
Method Obs. 1 Obs. 1 O b s .2
Image p la n e  
O b je c t  p la n e  
Average
9 6 .6 2
96.31
9 6 .4 6
9 6 .4 8
96 .47
96 .48
9 5 .5 8  
95 .60
95 .59
T ab le  8 . Comparison o f  t h e  s i z e  o f  one V ic k e rs  i n d e n t a t i o n  
m easured by two o b s e r v e r s  i n  th e  image p la n e  and 
o b j e c t  p la n e  o f  th e  same m ic ro scope
Method Obs. 1 Obs. 1 Obs. 2
Image p lan e  
O b je c t  p la n e  
Average
9 3 .6 7
93 .2 8
9 3 .4 8
9 3 .6 7
93-30
93-48
9 2 .1 9  
9 2 .3 3  
92 .26
T ab le  9 .  Comparison o f  th e  s i z e  o f  one Knoop i n d e n t a t i o n  
m easured  by two o b s e r v e r s  i n  th e  image p la n e  and 
o b j e c t  p la n e  o f  t h e  same m ic roscope
6 .6  EFFECT OF APERTURE STOP ON APPARENT INDENTATION SIZE
Using each  o b j e c t i v e  i n  t u r n  and a lw ays em ploying th e  same (x1)
i n t e r m e d ia t e  l e n s ,  t h e  d ia m e te r  o f  th e  a p e r t u r e  s to p  was v a r i e d  to
a s c e r t a i n  w he ther  t h i s  had any e f f e c t  oh th e  a p p a re n t  s i z e  o f  an 
i n d e n t a t i o n .  The r e s u l t s  o f  t h i s  e x p e r im e n t  were v e ry  i n t e r e s t i n g ,  bu t  
somewhat i n c o n c l u s i v e .  As d i s c u s s e d  p r e v i o u s ly ,  i t  i s  u s u a l  t o  a r r a n g e  
f o r  t h e  a p e r t u r e  NA to  be 2 /3  t h a t  o f  th e  o b j e c t i v e .  T h is  i s  f o r  a
number o f  r e a s o n s ,  b u t  s tem s l a r g e l y  from th e  need to  a c h ie v e  a
compromise between l o s s  o f  image c o n t r a s t  th ro u g h  g l a r e  and m u l t i p l e  
r e f l e c t i o n s  i n  th e  m ic ro sco p e  l e n s e s  w ith  th e  s to p  opened too  f a r  and 
r i n g i n g  which a r i s e s  when th e  a p e r t u r e  s to p  i s  c lo s e d  down and th e  
c o h e re n c e  i n c r e a s e s  ( t h e  p i n h o le  camera e f f e c t ) .  F ig u re  38 shows th e
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e f f e c t  on a p p a r e n t  i n d e n t a t i o n  s i z e  o f  v a ry in g  th e  a p e r t u r e  NA between 
102 and 1002 t h a t  o f  th e  o b j e c t i v e .
The most s t r i k i n g -  f e a t u r e  i s  t h a t  when m easu r in g  w ith  th e  x100 
o b j e c t i v e  th e  c o n d e n se r  NA makes no d i f f e r e n c e  w h a tso ev e r  to  th e  
a p p a re n t  i n d e n t a t i o n  s i z e .  The x50 and x20 o b j e c t i v e s  each  show th e  same 
t r e n d ,  b u t  i t  would a p p e a r  t h a t  each  o b j e c t i v e  p o s s e s s e s  a cu rv e  
c h a r a c t e r i s t i c  o f  i t s  b e h a v io u r  u n d e r  reduced  a p e r t u r e  NA. T h is  i s  
l a r g e l y  co n firm ed  by a r e p e a te d  e x p e r im e n t  u s in g  th e  x20 o b j e c t i v e  which 
y i e l d e d  a c u rv e  o f  u n d e n ia b ly  s i m i l a r  form a l th o u g h  somewhat d i s p l a c e d .  
I t  s h o u ld  be remembered, how ever, t h a t  th e  whole h e ig h t  o f  th e  g raph  
r e p r e s e n t s  a  d i f f e r e n c e  o f  o n ly  1.6 jim i n  a p p a re n t  s i z e ,  and t h a t  caused  
by any o b j e c t i v e  c a n n o t  be s a i d  t o  exceed  0 .8  jim. F u r th e rm o re ,  th e  e r r o r  
b a r s  shown r e p r e s e n t  t h e  mean o b ta in e d  +1 s t a n d a r d  d e v i a t i o n  -  a  v e ry  
low  l e v e l  o f  a c c e p ta n c e .
6 .7  CONTRAST ENHANCEMENT
S in c e  th e  f a c e s  o f  a V ic k e rs  i n d e n t a t i o n  make an a n g le  o f  o n ly  22° 
w i th  t h e  specim en s u r f a c e ,  i n c i d e n t  i l l u m i n a t i o n  i s  r e f l e c t e d  back 
to w a rd s  t h e  o b j e c t i v e  a t  a  r e l a t i v e l y  s t e e p  a n g l e .  The n u m e r ic a l  
a p e r t u r e  o f  an o b j e c t i v e  l e n s  i s  a m easure  o f  th e  a n g le  o f  a c c e p ta n c e  o f  
l i g h t ,  b e in g  n u m e r i c a l ly  e q u a l  t o  t h e  p ro d u c t  o f  th e  r e f r a c t i v e  in d ex  o f  
t h e  o b j e c t  sp a c e  (1 i n  t h e  c a s e  o f  a i r )  and th e  s i n e  o f  th e  s e m i-a n g le  
o f  t h e  cone o f  r a y s  e n t e r i n g  th e  o b j e c t i v e .  Thus, i f  an o b j e c t i v e  i s  n o t  
t o  a c c e p t  any l i g h t  r e f l e c t e d  from i n s i d e  th e  i n d e n t a t i o n ,  t h i s  
s e m i-a n g le  must be l e s s  th a n  2 2° .  S in c e  s i n  22° = 0 .3 7 ,  th e  i n d e n t a t i o n  
w i l l  a p p e a r  a s  a p e r f e c t l y  b la c k  p i t  on ly  i f  th e  o b j e c t i v e  NA i s  low er 
th a n  t h i s  f i g u r e .  I t  t h u s  becomes a p p a re n t  t h a t  when u s in g  v e ry  h ig h  
powered o b j e c t i v e s  ( s a y ,  NA = 0 .9 5 )  t o  a c h ie v e  optimum r e s o l u t i o n ,  a 
g r e a t  d e a l  o f  l i g h t  r e f l e c t e d  back from th e  i n d e n t a t i o n  f a c e s  i s  
c a p tu r e d  by th e  m ic ro sco p e  sys tem  r e s u l t i n g  ' i n  v e ry  poor c o n t r a s t  
betw een th e  s lo p i n g  i n d e n t a t i o n  f a c e s  and th e  f l a t  specim en s u r f a c e .  Not 
o n ly  does t h i s  g r e a t l y  h i n d e r  m easurem ent, bu t  i t  a l s o  makes l o c a t i n g  
v e ry  sm a l l  i n d e n t a t i o n s  d i f f i c u l t .
One method o f  e n h a n c in g  c o n t r a s t  i s  u se  o f  th e  s o - c a l l e d  Nomarski 
d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  t e c h n iq u e  d e s c r ib e d  by Nomarski and 
W e il l  (1 9 5 5 ) .  By u s e  o f  p o l a r i z a t i o n ,  t h i s  p ro d u ce s  a c o lo u re d  image in  
which f e a t u r e s  i n c l i n e d  a t  d i f f e r e n t  a n g le s  a p p e a r  i n  d i f f e r e n t  c o l o u r s .
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An i n d e n t a t i o n  i s  th u s  u s u a l l y  s e e n  w i th  two o f  i t s  ( o p p o s i t e )  f a c e s  i n  
b r i g h t  c o lo u r  c o n t r a s t i n g  w ith  t h e  o t h e r  two f a c e s  w hich tend  t o  be th e  
same c o lo u r  a s  th e  backg round . However, even r i d g e s  where m a t e r i a l  has  
been p i l e d - u p  a t  th e  i n d e n t a t i o n  s i d e s  o f t e n  a p p e a r  shaded  so  th e  
i n d e n t a t i o n  t a k e s  on a d i s t i n c t  t h r e e - d i m e n s i o n a l  a p p e a ra n c e .  The th e o r y  
o f  d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  i s  c o n s id e r e d  in  Appendix 3 a f t e r  
Lang (1 9 6 9 ) .
6 .7 .1  P r a c t i c a l  e v a l u a t i o n  o f  PIC i l l u m i n a t i o n
A lthough t h i s  method o f  i l l u m i n a t i o n  i s  most u s e f u l  in  enhanc ing  th e  
c o n t r a s t  o f  an  i n d e n t a t i o n  r e l a t i v e  t o  i t s  b ackg round , i t  i s  c r u c i a l  t o  
know w he ther  a l t e r i n g  th e  i l l u m i n a t i o n  c o n d i t i o n s  i n  such  a r a d i c a l  way 
w i l l  i n  f a c t  a f f e c t  th e  a p p a r e n t  i n d e n t a t i o n  s i z e .  T h is  n a t u r a l l y  had to  
be i n v e s t i g a t e d  p r a c t i c a l l y ,  so  an ex p e r im e n t  was pe rfo rm ed  by th e  
a u th o r  i n  which a s e t  o f  v e ry  s m a l l  i n d e n t a t i o n s  o f  a p p ro x im a te ly  20 jam 
d i a g o n a l  l e n g t h  was m easured  f i r s t l y  u n d e r  norm al b r i g h t f i e l d  
i l l u m i n a t i o n  c o n d i t i o n s  and s u b s e q u e n t ly  under  DIC i l l u m i n a t i o n .  The 
r e s u l t s  showed t h a t  t h e  same d i a g o n a l  l e n g th  was o b ta in e d  i n  bo th  c a s e s  
w i th in  th e  l i m i t s  o f  e x p e r im e n ta l  u n c e r t a i n t y .  I t  s h o u ld ,  how ever, be 
n o te d  t h a t  t h e  s t a n d a r d  d e v i a t i o n  o f  b r i g h t f i e l d  m easurem ents was 
a p p ro x im a te ly  tw ic e  t h a t  o f  DIC r e a d i n g s .  T h is  s e r v e s  t o  i n d i c a t e  how 
s e v e r e  i s  th e  problem  o f  l a c k  o f  c o n t r a s t  when v iew ing  i n d e n t a t i o n s  
u s in g  an o b j e c t i v e  o f  v e ry  h ig h  n u m e r ic a l  a p e r t u r e ,  s i n c e  i t  has  been 
shown t h a t  r e p e a t a b l e  s e t t i n g  i s  n o t  g e n e r a l l y  a s i g n i f i c a n t  p rob lem .
6 .8  RESOLUTION IMPROVEMENT
Owing t o  th e  l a r g e  number o f  u n c e r t a i n t i e s  i n h e r e n t  in  th e  
m easurem ent o f  m ic r o - i n d e n t a t i o n s  u s in g  t e c h n iq u e s  o f  o p t i c a l  
m ic ro sc o p y ,  i t  i s  a lm o s t  im p o s s ib le  t o  d e f in e  t h e  a b s o lu t e  d im en s io n s  o f  
an  i n d e n t a t i o n  by t h e s e  means. I t  can be a rgued  t h a t '  such  in f o r m a t io n  i s  
i n  any c a se  w o r t h le s s  i f  no c o n v e n t io n a l  m ic ro sco p e  system  w i l l  y i e l d  
t h i s  answ er;  how ever, i t  i s  o n ly  from a knowledge o f  th e  a b s o lu t e  s i z e  
t h a t  c o r r e c t i o n s  oan be a p p l i e d  to  compensate  f o r  th e  i l l u m i n a t i o n  
c o n d i t i o n s  which p r e v a i l  a t  any g iv e n  t im e .  What i s  r e q u i r e d  i s  a second 
means o f  m easu r ing  m i c r o - i n d e n t a t i o n s  w i th  a c c u ra c y  com parab le  w i th ,  o r  
even g r e a t e r  t h a n ,  t h a t  a c h ie v e d  u s in g  o p t i c a l  m ic ro sc o p e s  so t h a t  a 
d i r e c t  com parison  can be made.
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As d i s c u s s e d  p r e v i o u s l y ,  t h e  r e s o l u t i o n  o f  an o b j e c t i v e  (and hence  
th e  o p t i c a l  m ic ro sc o p e )  i s  d e f in e d  by th e  fo rm u la :  0 .5  X /  NA. To
i n c r e a s e  r e s o l u t i o n ,  th e  n u m e r ic a l  a p e r t u r e  must be i n c r e a s e d  o r  th e  
w av e len g th  r e d u c e d .  S in c e  i t  i s  d e s i r a b l e  t o  use  d ry  m ic roscope  
o b j e c t i v e s ,  NA c a n n o t  exceed  u n i t y  and s in c e  v i s i b l e  l i g h t  i s  r e q u i r e d  
f o r  an  o p t i c a l  m ic ro sc o p e ,  X must l i e  i n  th e  r e g io n  a p p ro x im a te ly  400 t o  
700 nm. The maximum r e s o l u t i o n  i s  t h e r e f o r e  0 .2  jam. There  would seem to  
be two p o s s i b l e  methods o f  r e d u c in g  t h i s  l i m i t :  f i r s t l y ,  t h e  use  o f  an 
e l e c t r o n  m ic ro scope  and s e c o n d ly ,  c o n t a c t i n g  m easurem ent o f  i n d e n t a t i o n  
p r o f i l e s .
6 .9  ELECTRON MICROSCOPY
The g r e a t l y  im proved r e s o l u t i o n  o f f e r e d  by an e l e c t r o n  m ic ro scope  i s
a r e s u l t  o f  th e  two f a c t o r s  m en tioned  above . A lthough  th e  e f f e c t i v e
n u m e r ic a l  a p e r t u r e  i s  s m a l l e r  th a n  i n  an o p t i c a l  s e t u p ,  th e  w ave leng th
o f  t h e  i l l u m i n a t i n g  beam ( i n  t h i s  c a se  e l e c t r o n s )  i s  v e ry  muoh s m a l l e r .
In  th e  c a se  o f  an e l e c t r o n  m ic ro sc o p e  th e  w av e len g th  i s  g iv en  by th e
fo rm u la :  X = 1 .24  / a/V nm, where V i s  th e  beam v o l t a g e .  For a  t y p i c a l
v a lu e  o f  15 kV, X = 0 .01  nm. The a p p ro x im a te  n u m e r ic a l  a p e r t u r e  can be
c a l c u l a t e d  by c o n s id e r in g  a t y p i c a l  s i t u a t i o n  i n  which a s p o t  of. 10 jam
d ia m e te r  i s  form ed a t  a f o c a l  d i s t a n c e  o f  10 mm from th e  f i n a l  l e n s ,
-4which y i e l d s  a  v a lu e  o f  5 x 10 f o r  th e  NA. The r e s o l u t i o n  c a l c u l a t e d  
a s  above th u s  t u r n s  o u t  t o  be 10 nm a s  opposed t o  200 nm in  th e  o p t i c a l  
c a se  -  a 2 0 - fo ld  im provem ent.
6 .9*1 SEM c a l i b r a t i o n
The b i g g e s t  s i n g l e  prob lem  in v o lv e d  i n  u s in g  an e l e c t r o n  m ic ro scope  
i s  t h e  d i f f i c u l t y  o f  c a l i b r a t i n g  such  a d e v ic e .  R e p l i c a te d  c a l i b r a t i o n  
g r a t i n g s  a r e  r e a d i l y  a v a i l a b l e ,  b u t  th e  complex way i n  :which se co n d a ry  
e l e c t r o n s  emerge from th e  s u r f a c e s  o f  d i f f e r e n t  m a t e r i a l s  t o g e t h e r  w i th  
any form o f  e l e c t r o n i c  d r i f t  and n o n - l i n e a r i t y  p r e s e n t  i n  th e  SEM makes 
i t  v e ry  d i f f i c u l t  t o  a s s e s s  t h e  a c c u ra c y  o f  such  m ethods . However, a 
s t a g e  m ic ro m e te r  and a recommended m a g n i f i c a t i o n  c a l i b r a t i o n  p ro c e d u re  
d e s ig n e d  s p e c i f i c a l l y  f o r  u se  w i th  an SEM have now been deve loped  by th e  
N a t io n a l  Bureau o f  S ta n d a r d s  i n  t h e  USA. N e v e r th e l e s s ,  o b t a i n in g  
a c c u r a t e  r e s u l t s  even from a c a l i b r a t e d  SEM depends on many f a c t o r s ,  as  
d i s c u s s e d  by Ogburn and B a l l a r d  (1 9 8 0 ) .
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In  an a t t e m p t  t o  overcome th e  m a j o r i t y  o f  t h e s e  p rob lem s a t  NPL, th e  
SEM used  f o r  m ic r o - i n d e n t a t i o n  measurem ent has  been m o d if ie d  by th e  
a u th o r  t o  i n c o r p o r a t e  a  l a s e r  i n t e r f e r o m e t e r  which i s  u sed  t o  d e t e c t  th e  
a b s o lu t e  d i s p la c e m e n t  o f  a specim en  from one l o c a t i o n  to  a n o th e r .  In 
o r d e r  t o  a c h ie v e  t h i s ,  a l e a d  g l a s s  window has  been i n s e r t e d  i n  th e  
chamber w a l l  th ro u g h  which a l a s e r  beam oan p a s s  t o  be r e f l e c t e d  o f f  a 
p la n e  m i r r o r  r i g i d l y  mounted on th e  specim en s t a g e .  In  a s i m i l a r  way t o  
t h e  o p t i c a l  m ic ro sc o p e -b a s e d  m easurem ent sy s te m , one c o rn e r  o f  th e  
i n d e n t a t i o n  i s  a l i g n e d  w ith  a f i d u c i a l  mark on th e  s c r e e n .  The s t a g e  i s  
th e n  t r a n s l a t e d  u n t i l  t h e  o p p o s i t e  c o r n e r  c o in c i d e s  w i th  t h i s  mark, when 
a r e a d in g  ta k e n  from th e  l a s e r  i n t e r f e r o m e t e r  i n d i c a t e s  th e  a c t u a l  
d i s t a n c e  t r a v e l l e d .  T h is  sy s tem  co u ld  n o t ,  how ever, be used  f o r  
m easu r ing  m i c r o - i n d e n t a t i o n s  on a r o u t i n e  b a s i s  s i n c e  t h e  r e s u l t s  would 
n o t  r e l a t e  d i r e c t l y  t o  t h e  m easurem ents  c u r r e n t l y  b e in g  made in  i n d u s t r y  
and f u r th e rm o re  t h e r e  i s  a te n d e n c y  f o r  th e  SEM t o  in d u c e  damage on th e  
b lo c k  s u r f a c e .
6 .9 .2  SEM a c c u ra c y
I t  i s  a l s o  im p o r ta n t  t o  c o n s id e r  w he ther  improved r e s o l u t i o n  does in  
f a c t  a l lo w  one t o  s e t  more r e p e a t a b l y  on an i n d e n t a t i o n  c o rn e r  so a s  to  
im prove th e  o v e r a l l  a c c u ra c y  a c h i e v a b l e .
In  o r d e r  t o  i n v e s t i g a t e  t h e  r e p e a t a b i l i t y  o f  measurem ent u s in g  th e  
e l e c t r o n  m ic ro sco p e  sy s te m , one V ic k e rs  i n d e n t a t i o n  was s e l e c t e d  and 
m easured  t e n  t im e s  on f o u r  s e p a r a t e  o c c a s io n s  a t  a m a g n i f i c a t i o n  o f  some 
6000 t im e s .  Not o n ly  was t h e  a v e ra g e  l e n g th  o f  one d ia g o n a l  c a l c u l a t e d ,  
b u t  a l s o  th e  s t a n d a r d  d e v i a t i o n  o f  s e t t i n g  on one c o r n e r .  The r e s u l t s  
a r e  g iv e n  in  T ab le  10.
As f a r  a s  t h e  o v e r a l l  i n d e n t a t i o n  d ia g o n a l  l e n g t h  i s  c o n c e rn e d ,  th e  
a v e ra g e  v a lu e  o b ta in e d  by e l e c t r o n  m ic roscopy  was 93*7-4 jam. When 
rem easured  30 t im e s  u s in g  an o p t i c a l  m ic ro sc o p e ,  th e  d im ens ion  was found 
t o  be 93*61 jam (w i th  a s t a n d a r d  d e v i a t i o n  o f  0 .47  jam). I t  was th u s  c l e a r  
t h a t ,  a t  l e a s t  f o r  t h i s  p a r t i c u l a r  spec im en , th e  ag reem en t  between th e  
two m ethods was e x c e p t i o n a l l y  good. F u r th e rm o re ,  a s  m igh t be e x p e c te d ,  
th e  s t a n d a r d  d e v i a t i o n  i n  th e  o p t i c a l  c a se  was much g r e a t e r  th an  
( a p p ro x im a te ly  tw ic e )  t h a t  a c h ie v e d  u s in g  e l e c t r o n - o p t i c s . R e f e r r in g  to  
t h e  c o n c lu s io n s  r e a c h e d  i n  S e c t io n  6 . 4 . 1 ,  t h i s  does i n d i c a t e  t h a t  
v i s i b i l i t y  e r r o r  i s  n e g l i g i b l e  i n  t h e  o p t i c a l  sys tem  used  in  th e  c o u rse
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, s e t t i n g  r e p e a t a b i l i t y ( s t d .  d e v . ) a v e ra g e d ia g o n a l  i
I l h  c o r n e r  |
i i i i
r h  c o rn e r l e n g t h , jam. ( s d ) I
i i i i
i 0 .1 8  I 0 .10 9 3 .76 (0 .2 3 )  I
I 0 .26  I 0 .1 2 93*72 (0 .2 6 )  !
I 0 .24  ! 0 .18 93.61 (0 .2 0 )  I
i 0 .16  I
i i i i
0 .10 93-88 (0 .1 8 )  i
T ab le  10. R e p e a t a b i l i t y  o f  s e t t i n g  on th e  c o r n e r s  
o f  one V ic k e rs  i n d e n t a t i o n
o f  t h i s  work s in o e  th e  e l e c t r o n  m ic ro scope  v a lu e  a g re e s  so  w e l l  w i th  th e  
o p t i c a l  m ic ro scope  r e s u l t .
6 .9*3  SEM r e p e a t a b i l i t y
C o n s id e r in g  th e  SEM s e t t i n g  r e p e a t a b i l i t y ,  i t  i s  e v id e n t  t h a t  a 
s e t t i n g  co u ld  be made more r e p e a t a b l y  on th e  r i g h t  hand c o rn e r  th a n  on 
th e  l e f t .  S in c e  r e s o l u t i o n  was f a r  s u p e r i o r  t o  th e  o p t i c a l  m icroscope  
and c e r t a i n l y  much b e t t e r  th a n  th e  0 .1  o r  0 .2  jam s ta n d a r d  d e v i a t i o n s  
o b t a i n e d ,  t h i s  was u n d o u b te d ly  due to  an a c t u a l  d i f f e r e n c e  i n  th e  
t h r e e - d i m e n s i o n a l  form o f  th e  c o r n e r .  F ig u re  39 shows a m ic rograph  o f  
t h e  c o rn e r  o f  a t y p i c a l  i n d e n t a t i o n  on a h i g h - q u a l i t y  t e s t  b lo c k  ta k e n  
a t  a  v e ry  h ig h  m a g n i f i c a t i o n  (x7000) u s in g  th e  e l e c t r o n  m ic ro sc o p e .  From 
t h i s  i t  becomes c l e a r  t h a t  t h e  e x a c t  l o c a t i o n  o f  t h e  c o rn e r  i s  f a r  from 
w e l l - d e f i n e d  s in c e  t h e r e  i s  a g r a d u a l  s lo p e  from i n s i d e  th e  i n d e n t a t i o n  
t o  th e  s u r f a c e  r a t h e r  th a n  a s h a r p l y  d e f in e d  d i v i d i n g  l i n e .
I t  would be i n t e r e s t i n g  t o  i n v e s t i g a t e  w he ther  d i f f e r e n t  im aging 
c o n f i g u r a t i o n s  ( ’ i l l u m i n a t i o n  c o n d i t i o n s ’ ) a f f e c t  th e  a p p a re n t  
i n d e n t a t i o n  s i z e  when viewed u s in g  a s c a n n in g  e l e c t r o n  m ic ro sc o p e .  
However, t h i s  would be a lm o s t  im p o s s ib le  t o  q u a n t i f y  s in c e  n o t  on ly  does 
th e  specim en i t s e l f  have an e f f e c t  on th e  way in  which e l e c t r o n s  a r e  
e m i t t e d  and c o l l e c t e d ,  b u t  t h e  way i n  which th e  beam i s  fo cu se d  by
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Fig.  39 High m a g n i f i c a t i o n  e l e c t r o n  m i c r o g r a p h  of t h e  
c o r n e r  of  a  Vi ckers  m i c r o - i n d e n t a t i o n
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e l e c t r o n  l e n s e s  i n v o lv e s  so  many v a r i a b l e s  t h a t  i t  i s  d o u b t f u l  w he ther  
any u s e f u l  in f o r m a t io n  would be fo r th c o m in g .  F u r th e rm o re ,  i t  i s  q u i t e  
p r o b a b le  t h a t  a n u l l  r e s u l t  would be o b ta in e d  under  norm al working 
c o n d i t i o n s  and a l th o u g h  d i f f e r e n c e s  co u ld  be in d u c e d ,  t h i s  would n o t  be 
a p r o f i t a b l e  e x e r c i s e .
6 . 9 . 4  S t e r e o - p a i r s
One u s e f u l  t e c h n iq u e  f o r  th e  a s se s s m e n t  o f  t h r e e - d i m e n s i o n a l  f e a t u r e s  
(su c h  a s  m i c r o - i n d e n t a t i o n s )  w i th  a  sc a n n in g  e l e c t r o n  m ic roscope  i s  th e  
use  o f  s t e r e o  p a i r s  o f  p i c t u r e s .  I f  two m ic ro g rap h s  o f  th e  same a r e a  a r e  
t a k e n  from a s l i g h t l y  d i f f e r e n t  v ie w p o in t ,  t h e  s t e r e o - p a i r  p roduced  can 
be examined u s in g  a s p e c i a l  v iew e r  t o  y i e l d  a  t h r e e - d im e n s io n a l  im age. 
Not on ly  does t h i s  p r o c e s s  g iv e  an i n s i g h t  i n t o  th e  shape  o f  th e  
specim en s u r f a c e ,  b u t  i t  a l s o  i n c r e a s e s  th e  s i g n a l  t o  n o i s e  r a t i o ,  
r e v e a l i n g  more d e t a i l s  o f  th e  s u r f a c e  th an  were p r e v i o u s ly  a p p a r e n t .
The two views r e q u i r e d  f o r  a  s t e r e o - p a i r  a r e  g e n e r a l l y  o b ta in e d  by 
t i l t i n g  th e  specim en  th ro u g h  a sm a l l  a n g le  between e x p o s u re s .  10° t i l t  
i s  p ro b a b ly  t y p i c a l ,  b u t  any a n g le  between 5° and 20° may be u s e d ,  
l a r g e r  a n g le s  b e in g  o f  u s e  on r e l a t i v e l y  f l a t  s u r f a c e s  where g r e a t e r  
m a g n i f i c a t i o n  i s  r e q u i r e d  i n  t h e  t h i r d  d im e n s io n .  A s t e r e o - p a i r  can a l s o  
be p roduced  by r o t a t i o n  o f  t h e  specim en  ab o u t  an a x i s  n o t  p a r a l l e l  t o  
th e  e l e c t r o n  beam; i t  i s  even p o s s i b l e  t o  o b t a i n  s t e r e o - p a i r s  w i th o u t  
moving th e  specim en by p l a c i n g  a d e f l e c t i o n  sys tem  (an e l e c t r o n  p r ism ) 
between th e  l e n s e s  and the  spec im en .
A lthough q u a n t i t a t i v e  i n f o r m a t io n  can  be o b ta in e d  from s t e r e o - p a i r s ,  
t h e i r  c h i e f  use  i s  t o  a id  th e  q u a l i t a t i v e  i n t e r p r e t a t i o n  o f  a  t h r e e  
d im e n s io n a l  s u r f a c e  and i n  t h i s  r e s p e c t  th e y  a r e  an i d e a l  method o f  
exam ining  m i c r o - i n d e n t a t i o n s .  I t  i s  found i n  p r a c t i c e  t h a t  f o r  such  work 
a l a r g e  a n g le  o f  t i l t  i s  r e q u i r e d  s i n c e  th e  i n d e n t a t i o n s  may be o n ly  a 
few m ic ro m e tre s  d e e p .  F ig u re  40 shows a s t e r e o - p a i r  o f  images o f  one 
V ic k e rs  i n d e n t a t i o n  t a k e n  a )  w i th  an 8° a n g le  o f  t i l t  and b) w ith  a  15° 
a n g le  o f  t i l t  betw een them .
These a r e  b e s t  viewed u s in g  a p o c k e t  s t e r e o s c o p e ,  which c o n s i s t s  o f  a 
convex l e n s  i n  f r o n t  o f  each  eye p o s i t i o n e d  a t  i t s  f o c a l  d i s t a n c e  from 
th e  m ic rog raph  so  t h a t  th e  two images a p p e a r  a t  i n f i n i t y .  Th is  e f f e c t  
can be produced  w i th o u t  any o p t i c a l  d e v ic e  by f o c u s in g  on a d i s t a n t  
o b j e c t  so  t h a t  th e  l i n e s  o f  s i g h t  a r e  p a r a l l e l  th e n  r e l a x i n g  th e  eyes
- 1 4 5 -
( b )
Fig.  4 0  S t e r e o - p a i r  of p h o t o g r a p h s  of o n e  V i c k e r s  
m i c r o - i n d e n t a t i o n ,  ( a )  a n g l e  of t i l t  8 °
( b )  a n g l e  of  t i l t  15°
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and b r in g in g  th e  s t e r e o - p a i r s  i n t o  th e  f i e l d  o f  v iew . I f  one can th en  
fo c u s  on th e  m ic ro g ra p h s  w i th o u t  c o n v e rg in g  th e  e y e s ,  a  s t e r e o  image 
w i l l  r e s u l t .
6 .1 0  REPLICATION
Having c o n s id e r e d  th e  u se  o f  a sys tem  w ith  h ig h e r  r e s o l u t i o n  th an  th e  
o p t i c a l  m ic ro sc o p e ,  i t  i s  w orth  m en t io n in g  th e  p o s s i b i l i t y  o f  m easu r ing  
m ic r o - i n d e n t a t i o n s  by c o n t a c t i n g  m ethods r a t h e r  th an  u s in g  m ic ro scope  
sy s tem s  a t  a l l .
The two g r e a t e s t  p rob lem s f a c i n g  th e  p h y s i c i s t  i n  th e  m easurement o f  
m ic r o - i n d e n t a t i o n s  a r e  t h e  l i m i t e d  r e s o l v i n g  power o f  an o p t i c a l  
m ic ro scope  and th e  i n a b i l i t y  t o  a s s e s s  th e  t h r e e - d i m e n s i o n a l  form o f  an 
i n d e n t a t i o n .  When c a l c u l a t i n g  a h a rd n e s s  v a lu e ,  what amounts e s s e n t i a l l y  
t o  a  p r o j e c t e d  image o f  th e  i n d e n t a t i o n  i s  o b se rv e d  and c o n c lu s io n s  
drawn th e r e f r o m .  One t e c h n iq u e  which can be used  to  enhance sm a l l  
v a r i a t i o n s  i n  s u r f a c e  h e ig h t  i s  Nomarski d i f f e r e n t i a l  i n t e r f e r e n c e
c o n t r a s t  i l l u m i n a t i o n ,  a s  d i s c u s s e d  p r e v i o u s l y .  I t  i s ,  o f  c o u r s e ,  
p o s s i b l e  t o  t a k e  i n t e r f e r e n c e  m ic ro g ra p h s  o f  th e  s u r f a c e ,  b u t  t h i s  i s  no 
s u b s t i t u t e  f o r  an a c t u a l  p h y s i c a l l y  c o n ta c t i n g  m easurement o f  th e  
s u r f a c e  c o n to u r s  w ith  th e  g r e a t l y  i n c r e a s e d  r e s o l u t i o n  t h i s  would a l lo w .
6 .1 0 .1  R e p l io a  p r o d u c t io n
With modern t e c h n i q u e s ,  i t  i s  now a r e l a t i v e l y  s t r a i g h t f o r w a r d  
p r o c e s s  t o  p roduce  f a i t h f u l  r e p l i c a s  o f  sub -m ic ro n  f e a t u r e s .  In  th e  
e a r l y  y e a r s  o f  t h i s  c e n tu r y ,  Lord R a y le ig h  d e m o n s t ra te d  t h a t  i t  was
p o s s i b l e  t o  r e p l i c a t e  d i f f r a c t i o n  g r a t i n g s  by c a s t i n g ;  b u t  i t  was n o t  
u n t i l  t h e  e a r l y  1950s t h a t  h ig h  q u a l i t y  r e p l i c a  g r a t i n g s  became
a v a i l a b l e  f o l lo w in g  th e  p a t e n t i n g  o f  th e  b a s ic  p r o c e s s  by White and 
F r a s e r  i n  1949. T h is  same p r o c e s s  can now be used  t o  p roduce  r e p l i c a s  o f  
m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t  b lo c k s .
F i r s t ,  th e  s u r f a c e  o f  t h e  b lo c k  i s  c o a te d  (by vacuum d e p o s i t io n )  w ith  
a  t h i n  n o n -a d h e re n t  c o a t i n g  ( th e  e x a c t  n a tu r e  o f  t h i s  s u b s ta n c e  i s  a 
com m ercial s e c r e t ,  b u t  g o ld ,  o i l s  and s i l a n e s  a r e  a l l  known t o  be
s u i t a b l e  f o r  g l a s s  s u r f a c e s ) .  T h is  i s  fo l lo w e d  by a s u b s t a n t i a l  l a y e r ' o f  
some r e f l e c t i v e  c o a t i n g ,  u s u a l l y  a lum inium . A lthough th e  o p t i c a l  q u a l i t y
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o f  th e  upper* s u r f a c e  o f  t h i s  l a y e r  i s  n o t  im p o r ta n t  ( s i n c e  i t  becomes 
b u r ie d  i n  th e  r e p l i c a )  i t  i s  v i t a l  t o  av o id  th e  c r e a t i o n  o f  p in h o le s  
which m ight a l lo w  r e s i n  t o  p e n e t r a t e  and cau se  i r r e p a r a b l e  damage to  th e  
m a s t e r .  A p o o l  o f  r e s i n  i s  th e n  poured  on t o  th e  alum inium  c a s t i n g  and 
on to p  o f  t h i s  i s  low ered  th e  r e p l i c a  s u b s t r a t e  (n o rm a l ly  a g l a s s  b lo ck )  
whose s u r f a c e  h as  u s u a l l y  been t r e a t e d  t o  improve i t s  a d h e s io n  to  th e  
r e s i n .  A gain , t h e  e x a c t  d e t a i l s  a r e  n o t  p u b l i s h e d ,  b u t  v a r io u s  epoxy and 
p o l y e s t e r  r e s i n s  may be used  t o  e n s u re  m inim al s h r i n k a g e .  When th e  r e s i n  
h a s  c u re d  th e  sandw ich  i s  s e p a r a t e d  by f o r c e  (som etim es a id e d  by a 
th e rm a l  shock) t o  remove th e  m a s te r  and y i e l d  a h a rd en ed  r e p l i c a  o f  th e  
b lo c k  in  a lu m in iu m -c o a te d  r e s i n  on th e  g l a s s  b la n k .
Once th e  f i r s t  r e p l i c a  h a s  been s u c c e s s f u l l y  p ro d u ce d ,  i t  may be used  
a s  a s u b -m a s te r  f o r  t h e  p r o d u c t io n  o f  f u r t h e r  g e n e r a t i o n s  o f  r e p l i c a ;  in  
t h i s  way th e  o r i g i n a l  i s  p r e s e r v e d  and i f  a s u b -m a s te r  becomes u n u s a b le ,  
i t  can  be r e p l a c e d .  One s i g n i f i c a n t  f e a t u r e  o f  r e p l i c a t i o n  i s  th u s  t h a t  
i t  makes c a l i b r a t e d  r e a d in g  b lo c k s  f a r  more w id e ly  a v a i l a b l e ;  
f u r th e r m o r e ,  i t  a l lo w s  c o n t a c t i n g  methods o f  measurem ent to  be used  on
f e a t u r e s  i n  t h e  s u r f a c e  which become a c c e s s i b l e  when a n e g a t i v e  r e p l i c a
i s  p ro d u ce d .  The o n ly  o b v io u s  p r a c t i c a l  d i s a d v a n ta g e  i s  t h a t  r e s i n s
s h r i n k  p e r c e p t i b l y  a s  th e y  c u r e ,  which can l e a d  t o  d i s t o r t i o n  in  th e  
shape  o f  th e  r e p l i c a .
R e p l i c a t i o n  o f  m i c r o - i n d e n t a t i o n s  i s  n o t  a new i d e a ,  however. As 
e a r l y  a s  1950, Khrushchov and B erkov ich  wished t o  m easure  i n d e n t a t i o n s  
l e s s  th a n  5 jam a c r o s s .  Using a lo a d  o f  1 g f  on V ic k e rs  and B erkov ich  
i n d e n t e r s ,  such  i n d e n t a t i o n s  were produced  i n  a s y n t h e t i c  ru b y .  
C o l lo d io n  ( v a r n i s h )  r e p l i c a s  were th en  p re p a re d  o f  th e  ruby  s u r f a c e  
c o n ta i n in g  th e  i n d e n t a t i o n s .  The r e p l i c a  was th e n  shadow -oas t  w i th  
chromium and e l e c t r o n  m icrogram s were o b ta in e d  u s in g  an MEI e l e c t r o n  
m ic ro sc o p e .  From t h e s e ,  th e  d im ens ions  o f  th e  i n d e n t a t i o n s  were 
m easu red . A lo a d  o f  100 g f  was th e n  employed t o  p roduce  much l a r g e r  
i n d e n t a t i o n s  which c o u ld  be m easured u s in g  an o p t i c a l  m ic ro sc o p e .  The 
h a rd n e s s  v a lu e s  o b ta in e d  were c o n s id e r e d  t o  be s i m i l a r  ’w i th in  
e x p e r im e n ta l  l i m i t s ' ,  t h e r e b y  d e m o n s t ra t in g  th e  p o s s i b i l i t i e s  o f  bo th  
r e p l i c a t i o n  and m easurem ent u s in g  a sc a n n in g  e l e c t r o n  m ic roscope  i n  
m ic ro h a rd n e ss  a p p l i c a t i o n s .  F i n a l l y ,  i t  was c la im e d  t h a t  t r i a n g u l a r  
i n d e n t a t i o n s  p roduce  s h a r p e r  r e p l i c a s  th a n  t h e i r  q u a d r i l a t e r a l
c o u n t e r p a r t s .
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In  o r d e r  t o  t e s t  t h e  a c c u ra c y  w i th  which m i c r o - i n d e n t a t i o n s  can be 
r e p l i c a t e d  and th e  s t a b i l i t y  o f  t h e  r e p l i c a  over  an e x te n d e d  p e r io d  o f  
t im e ,  a  number o f  i n d e n t a t i o n s  were made by th e  a u th o r  i n  a  h ig h  q u a l i t y  
ra ic ro h a rd n e ss  t e s t  b lo c k .  Twelve o f  each  o f  t h r e e  ty p e s  o f  i n d e n t a t i o n  
were u s e d :  V ic k e r s ,  Knoop and B e rk o v ic h ,  t h e i r  s i z e s  r a n g in g  from 17 jam 
t o  80 jam, 47 jam t o  220 jam and 16 jim t o  75 jim r e s p e c t i v e l y  ( u s in g  lo a d s  
from 200 g f  t o  2 k g f  p ro v id e d  by th e  NPL deadw eigh t machine on a b lo c k  
o f  nom inal h a rd n e s s  600 HV). The o r i g i n a l  i n d e n t a t i o n s  were m easured a s  
were th e  f i r s t  g e n e r a t i o n  p o s i t i v e  r e p l i c a s  and th e  d i f f e r e n c e s  n o te d .  
The e x p e r im e n t  was r e p e a t e d  some e le v e n  months l a t e r  to  se e  w he ther  any 
change had ta k e n  p l a c e  w i th  t im e .  The r e s u l t s  o f  th e  two e x p e r im e n ts  a r e  
s e t  o u t  i n  T a b le s  11 and 12.
From th e  f i r s t  s e t  o f  m easu rem en ts ,  i t  a p p e a re d  t h a t  th e  r e p l i c a t e d  
i n d e n t a t i o n s  ten d e d  t o  be s l i g h t l y  s m a l l e r  th a n  th e  o r i g i n a l  
i n d e n t a t i o n s ,  b u t  t h a t  t h e  d i f f e r e n c e  was w e l l  w i th in  th e  l i m i t s  o f  
e x p e r im e n ta l  u n c e r t a i n t y .  However, on re m e asu r in g  i t  a p p eared  t h a t  th e  
V ic k e rs  i n d e n t a t i o n s  h a d ,  on a v e ra g e ,  i n c r e a s e d  i n  l e n g t h  by 0 .10  jim and 
t h e  B e rkov ich  i n d e n t a t i o n s  by 0.21 jam w hereas t h e  Knoop i n d e n t a t i o n s  had 
d e c re a s e d  i n  l e n g t h  by 0 .17  jam. S in c e  any r e a l  change would be e x p e c te d  
t o  have  th e  same e f f e c t  on each  ty p e  o f  i n d e n t a t i o n ,  i t  must be 
co nc luded  t h a t  o v e r a l l  th e  s i z e s  o f  t h e s e  p a r t i c u l a r  r e p l i c a t e d  
i n d e n t a t i o n s  d id  n o t  change a p p r e c i a b l y  w ith  t im e  and t h a t  th e  a p p a re n t  
changes  i n  d im ens ion  were due s o l e l y  t o  m easurement u n c e r t a i n t y .  T h is  i s  
q u i t e  c o n c e iv a b le ,  s i n c e  t h e r e  i s  an u n c e r t a i n t y  a s s o c i a t e d  n o t  o n ly  
w i th  m easu r ing  th e  r e p l i c a s  b u t  a l s o  w ith  m easu r ing  th e  o r i g i n a l  b lo c k .  
However, th e  r e p l i c a t e d  b lo c k  had been c a r e f u l l y  p r o t e c t e d  th ro u g h o u t ;  
so a l th o u g h  no change was o b se rv e d  when a l l  r e a s o n a b le  p r e c a u t i o n s  had 
been t a k e n ,  i t  i s  q u i t e  p o s s i b l e  t h a t  a  r e a l  change co u ld  be induced  i f  
th e  r e p l i c a  were s u b je c t e d  t o  any o u t s i d e  i n f l u e n c e  such  a s  ex trem e 
h e a t i n g .
6.10.2 NPL experimental investigation
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R e p l ic a  d i a g o n a l  -  Block d i a g o n a l  (urn)
I n d e n t a t i o n
V ic k e rs B erkov ich Knoop
1 -  0 .2 2 0 .68 0.31
2 0 .37 -  0.31 -  0 .03
3 -  0 .27 0 .36 -  0 .1 3
4 -  0 .31 0 .17 0 .0 8
5 -  0.21 -  0.41 -  0 .49
6 -  0 .18 0 .03 0 .04
7 -  0 .27 -  0 .04 -  0 .27
8 -  0 .70 -  0.31 -  0 .13
9 0.09 -  0 .07 -  0 .2 2
10 -  0 .29 -  0 .06 -  0 .33
11 -  0 .0 2 0 .16 -  0 .23
12 -  0 .1 8 -  0 .43 -  0 .47
a v e ra g e -  0. 18 -  0 .02 -  0 .16
T ab le  11. D i f f e r e n c e s  in  d ia g o n a l  l e n g t h  betw een
o r i g i n a l  i n d e n t a t i o n s  and t h e i r  r e p l i c a s
R e p l ic a  d ia g o n a l  -  Block d i a g o n a l  (urn)
I n d e n t a t i o n
V io k e rs B erkov ich Knoop
1 0.17 0 .75 0 .2 2
2 0.17 0.05 -  0 .3 3
3 -  0 .12 0 .57 -  1 .00
4 -  0 .09 0 .26 -  0 .11
5 -  0 .02 -  0 .28 -  0 .43
6 -  0 .46 0 .24 0 .08
7 -  0 .1 4 0 .27 -  0 .66
8 -  0 .3 8 0 .03 -  0 .8 8
9 0 .10 0 .33 0.31
10 -  0.01 0 .16 -  0 .16
11 0 .0 3 0.15 -  0 .40
12 -  0 .2 3 -  0 .29 -  0 .56
a v e ra g e -  0 .08 0.19 -  0 .3 3
Table  12. D i f f e r e n c e s  i n  d ia g o n a l  l e n g th  betw een
o r i g i n a l  i n d e n t a t i o n s  and t h e i r  r e p l i c a s  
when rem easu red  a f t e r  11 months
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PROBLEMS OF M E A S U R E M E N T  BY IM A G E  ANALYSIS
7 .1  INTRODUCTION
S in ce  i t  i s  th e  i n d e n t a t i o n  a r e a  which i s  u l t i m a t e l y  r e q u i r e d  t o  
c a l c u l a t e  a h a rd n e s s  v a lu e ,  i t  would be an i d e a l  s i t u a t i o n  i f  t h i s  co u ld  
be m easured d i r e c t l y  r a t h e r  th a n  from a knowledge- o f  th e  d ia g o n a l  
i n d e n t a t i o n  l e n g t h .  With t h e  a d v e n t  o f  image a n a l y s i s ,  i t  i s  a g r e a t  
t e m p ta t io n  t o  o b t a in  a d i r e c t  measurem ent o f  th e  p r o j e c t e d  i n d e n t a t i o n  
a r e a  which would be a lm o s t  t o t a l l y  in d e p e n d e n t  o f  th e  o b s e rv e r  and co u ld  
be perfo rm ed  r a p i d l y  and h o p e f u l l y  r e p e a t a b l y .  U n f o r tu n a t e ly ,  t h i s  w i l l  
n o t  p roduce  a v a l i d  h a rd n e s s  number e x c ep t  i n  th e  u n l i k e l y  e v e n t  o f  an 
i n d e n t a t i o n  b e in g  p e r f e c t l y  s q u a r e .
T h is  c h a p te r  s e r v e s  t o  i l l u s t r a t e  some o f  th e  m ajo r  d i f f i c u l t i e s
in v o lv e d  i n  th e  u se  o f  image a n a l y s i s  and , where p o s s i b l e ,  q u a n t i f i e s
th e  l i m i t a t i o n s  im posed . The one im p o r ta n t  u se  o f  such  t e c h n iq u e s  -  t h a t  
o f  c o m p a ra t iv e  m easurem ents  -  i s  th e n  c o n s id e r e d .
7 .1 .1  C o n v e n t io n a l  i n d e n t a t i o n  measurem ent
To c a l c u l a t e  a V ic k e rs  h a rd n e s s  v a lu e ,  t h e  i n d e n t a t i o n  i s  p la c e d
unde r  a  m ic ro scope  and t h e  d i s t a n c e  a c r o s s  each d ia g o n a l  i s  m easu red .
The a v e ra g e  o f  t h e s e  two v a lu e s  i s  found and th e  a r e a  o f  th e  i n d e n t a t i o n  
c a l c u l a t e d .  The s u r f a c e  a r e a ,  w hich  i s  th e  r e l e v a n t  p a ra m e te r ,  i s  
c l e a r l y  th e  p r o j e c t e d  a r e a  d iv id e d  by th e  c o s in e  o f  t h e  a n g le  o f  
i n c l i n a t i o n  o f  t h e  i n d e n t a t i o n  t o  t h e  s u r f a c e .  In  t h e  c a se  o f  a V ic k e rs  
i n d e n t a t i o n ,  t h i s  a n g le  i s  2 2 ° ,  s o :  
s u r f a c e  a r e a  = p r o j e c t e d  a r e a  /  cos 22°
= d2 /  2 cos  22° = d2 /  1.8544
T h is  a r e a  i s  th e n  d iv id e d  i n t o  t h e  lo ad  to  p roduce  a V ic k e rs  h a rd n e s s  
number (which in  f a c t  p o s s e s s e s  th e  d im en s io n s  o f  p r e s s u r e ) .
A B erkov ich  h a rd n e s s  v a lu e  i s  c a l c u l a t e d  s i m i l a r l y ,  e x c e p t  t h a t  in  
t h i s  c a se  t h e  a v e ra g e  o f  t h e  t h r e e  a l t i t u d e s  i s  found . A Knoop v a lu e ,  
how ever, i s  c a l c u l a t e d  from th e  p r o j e c t e d  a r e a  and would t h e r e f o r e  be 
e x p e c te d  t o  d i f f e r  by a b o u t  92 from a V ic k e rs  v a lu e  where t h e  s u r f a c e
C H A P T E R  7
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a r e a s  o f  th e  two i n d e n t a t i o n s  a r e  i d e n t i c a l .  (The a n g le  betw een o p p o s i t e  
f a c e s  o f  a  Knoop i n d e n t a t i o n  i s  1 2 9 .5 ° ,  and cos  2 5 .2 5 °  = 0 .9 1 2 . )
7 . 1 . 2  Measurement o f  i n d e n t a t i o n  a r e a
As th e  i n t e r f e r e n c e  p h o to g ra p h  shows (F ig u re  16 in  C hap te r  4) i t  i s  
i n v a r i a b l y  t h e  c a se  t h a t  m a t e r i a l  i s  e i t h e r  ’p i l e d - u p ’ o r  ’ s u n k e n - i n ’ 
a lo n g  th e  i n d e n t a t i o n  s i d e s ,  g iv in g  r i s e  t o  a  b a r r e l - s h a p e d  o r  
p in c u s h io n  ty p e  o f  deform ed s q u a r e .  F ig u re  41 i l l u s t r a t e s  t h a t  even a 
v e ry  sm a l l  d e p a r t u r e  from s q u a re n e s s  r e s u l t s  i n  a  r e m a rk a b le  change i n  
th e  p r o j e c t e d  a r e a  o f  t h e  i n d e n t a t i o n .  (These d iag ram s have been drawn 
on th e  a ssu m p tio n  t h a t  th e  c o n c a v i ty  c o r r e s p o n d s  t o  t h e  segment o f  a  
c i r c l e . )
7 . 1 . 3  Measurement from o t h e r  p a ra m e te r s
I t  would, i n  p r i n c i p l e ,  be p o s s i b l e  t o  m easure  t h e  p e r im e te r  o f  an 
i n d e n t a t i o n  a s  w e l l  a s  i t s  a r e a .  T h is  would a l lo w  a c a l c u l a t i o n  to  be 
pe rfo rm ed  t o  d e te rm in e  a c o r r e c t i o n  f a c t o r  f o r  n o n - s q u a re n e s s  ( i f  i t  
were assumed t h a t  t h e  s i d e s  ap p ro x im ated  to  some g iv en  c u r v e ) . The 
problem  which th e n  a r i s e s  i s  a p p a re n t  i f  we c o n s id e r  th e  s i t u a t i o n  
i l l u s t r a t e d  i n  F ig u re  41 where h = 5$ 1; th e n  th e  i n d e n t a t i o n  p e r im e te r  
would be o n ly  2 /3  $ d i f f e r e n t  from th e  p e r f e c t  s q u a re  even though  th e  
a r e a s  d i f f e r  by o v e r  13$. I t  would c l e a r l y  be im p o s s ib le  t o  d e t e c t  such  
a sm a l l  change i n  p e r i m e t e r  w i th  s u f f i c i e n t  a c c u ra c y  t o  c o r r e c t  th e  a r e a  
t o  an e q u iv a l e n t  s q u a re .
Another f a c t o r  t o  c o n s id e r  when u s in g  image a n a l y s i s  t e c h n iq u e s  i s  
th e  o r i e n t a t i o n  o f  t h e  specim en  w i th  r e s p e c t  t o  t h e  s c r e e n  r a s t e r ,  t h i s  
b e in g  o f  p a r t i c u l a r  im p o r ta n c e  w i th  p e r im e te r  m easurem ent. S in ce  th e  
p i x e l s  c o m p r is in g  th e  p i c t u r e  a r e  e s s e n t i a l l y  d i s c r e t e ,  a d i f f e r e n t  
a n g le  between th e  i n d e n t a t i o n  s i d e  and th e  sc an  l i n e s  may p roduce  a 
s e r i e s  o f  s t e p s  whose t o t a l  l e n g t h  i s  g r e a t e r  th a n  th e  t r u e  l e n g th  o f  
t h e  s i d e .
One f u r t h e r  way o f  u s in g  image a n a l y s i s  t o  deduce a h a rd n e s s  v a lu e  i s  
t o  o b t a in  a r e a d in g  o f  t h e  l o n g e s t  chord  a c r o s s  t h e  i n d e n t a t i o n ;  in  
o t h e r  words t o  m easure  t h e  d i a g o n a l  l e n g th  e l e c t r o n i c a l l y .  T h is  would be 
c o r r e c t  i f  t h e  d e t e c t e d  image c o rre sp o n d e d  e x a c t l y  w i th  th e  a c t u a l
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i n d e n t a t i o n  shape  and s i z e .  Even i f  t h i s  were th e  c a s e ,  how ever, th e  
a c c u ra c y  would be l i m i t e d  by th e  r e s o l u t i o n  o f  th e  sy s te m . The whole 
i n d e n t a t i o n  would n a t u r a l l y  have t o  ap p ear  i n  th e  f i e l d  o f  view and i f  
i t  w ere ,  s a y ,  50 jam a c r o s s ,  r e p r e s e n t e d  by, s a y ,  500 p i x e l s ,  even an 
u n c e r t a i n t y  o f  one p i x e l  a t  e i t h e r  c o rn e r  would c o rre s p o n d  to  0 .2  jam.
In  f a c t ,  th e  s i t u a t i o n  w i l l  be much worse th a n  t h i s .  S in c e  a 
r e l a t i v e l y  low-powered o b j e c t i v e  i s  r e q u i r e d  bo th  t o  e n s u re  t h a t  th e  
whole image w i l l  a p p e a r  i n  th e  f i e l d  o f  view and a l s o  t h a t  a h ig h  
c o n t r a s t  b la c k  i n d e n t a t i o n  w i l l  be p ro d u ced ,  i t  w i l l  o f  n e c e s s i t y  l a c k  
h ig h  r e s o l u t i o n .  I t  sh o u ld  be remembered ( se e  S e c t io n  5 . 2 . 2 )  t h a t  th e  
u s e f u l  m a g n i f i c a t i o n  o f  an  o b j e c t i v e  ca n n o t  exceed  a b o u t  1000 t im e s  i t s  
n u m e r ic a l  a p e r t u r e ;  i f  we a r e  sp e a k in g  o f  m agn ify ing  a 50 jam i n d e n t a t i o n  
t o ,  s a y ,  250 mm on th e  s c r e e n ,  t h i s  im p l ie s  5000 t im e s  m a g n i f i c a t i o n .  I f  
th e  o b j e c t i v e  n u m e r ic a l  a p e r t u r e  were 0 .5 ,  how ever, th e  r e s o l u t i o n  on 
th e  s c r e e n  would be no b e t t e r  th a n  0 .7  jim o r  7 p i x e l s .
7 . 1 . 4  C om para tive  h a rd n e s s  v a lu e s
The o n ly  reg im e i n  w hich image a n a l y s i s  would seem t o  be o f  much 
v a lu e  i s  f o r  c o m p a ra t iv e  h a rd n e s s  i n v e s t i g a t i o n s .  I f  i t  i s  r e q u i r e d  t o  
make many i n d e n t a t i o n s  on th e  same sam ple i t  may be assumed t h a t  th e  
s u r f a c e  behaves i n  t h e  same manner f o r  each  i n d e n t a t i o n  ( i n  te rm s  o f  
m a t e r i a l  d i s p l a c e d  a t  t h e  s i d e s  and r e s u l t i n g  d i s t o r t e d  i n d e n t a t i o n  
s h a p e s ) .  A s t r a i g h t f o r w a r d  m easurem ent o f  a r e a  would th u s  a l lo w  one t o  
a s c e r t a i n  where th e  m a t e r i a l  i s  h a r d e r  and where s o f t e r .  Some a t t e m p t  
may even be made t o  q u a n t i f y  such  a d e te r m in a t io n  by m easu r ing  a few 
sam ple  i n d e n t a t i o n s  i n  a  c o n v e n t io n a l  manner t o  c a l i b r a t e  th e  p r o c e s s .  
T h is  method i s  a d e q u a te  where l a r g e  numbers o f  i n d e n t a t i o n s  a r e  r e q u i r e d  
t o  be measured q u i c k l y  and ( s e m i- )  a u t o m a t i c a l l y .  However, even th e n  
c a r e  must be t a k e n  t o  e n s u re  t h a t  a l l  th e  c o n d i t i o n s  d i s c u s s e d  
h e r e i n a f t e r  a r e  s a t i s f i e d  t o  s t a n d  even a r e a s o n a b le  chance  o f  o b t a i n in g  
u s e f u l  d a t a .
7 .2  PREREQUISITES FOR IMAGE ANALYSIS
I t  th u s  becomes c l e a r  t h a t  on ly  i f  a number o f  w e l l - d e f i n e d  
c o n d i t i o n s  a r e  s a t i s f i e d  w i l l  a  r e a s o n a b le  image be o b ta in e d  f o r  
a n a l y s i s ;  namely:
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a )  The o p t i c s  . o f  t h e  image fo rm ing  m ic ro scope  must be c o r r e c t l y
a d ju s t e d  and th e  i l l u m i n a t i o n  c o n d i t i o n s  w e l l  d e f i n e d .
b) The image must be formed by an o b j e c t i v e  o f  s u f f i c i e n t l y  low
n u m er ica l  a p e r t u r e  t h a t  th e  i n d e n t a t i o n  forms a c o m p le te ly  b la c k  
p i t .  Owing t o  th e  geom etry  o f  a V ic k e rs  i n d e n t e r ,  t h i s  c o n d i t i o n  
i s  s a t i s f i e d  f o r  NA < _0 .4 .  T h is  i s  because  l i g h t  r e f l e c t e d  back 
tow ards  th e  o b j e c t i v e  from i n s i d e  th e  i n d e n t a t i o n  ( i n c l i n e d  a t  22° 
t o  th e  h o r i z o n t a l )  must n o t  be a c c e p te d ;  so NA <_ s i n  2 2 ° ,  i e
NA <_ 0 . 37.
c) There  must be n e g l i g i b l e  d i s t u r b a n c e  o f  t h e  s u r f a c e  a round  th e
i n d e n t a t i o n  f o r  two r e a s o n s :
i )  so t h a t  th e  i n d e n t a t i o n  i s  a b s o l u t e l y  s q u a r e ,  c a u s in g  a 
measurem ent o f  t h e  p r o j e c t e d  a r e a  t o  c o in c i d e  e x a c t l y  w i th  th e  
v a lu e  t h a t  would have  been o b ta in e d  from a measurem ent o f  th e  
d i a g o n a l s ,  and
i i )  because  o n ly  i f  th e  c o r n e r s  and th e  s i d e s  o f  th e  i n d e n t a t i o n  
a l l  l i e  i n  t h e  same h o r i z o n t a l  p la n e  a s  t h e  s u r f a c e  o f  th e  
b lo c k  can th e  whole i n d e n t a t i o n  be b ro u g h t  i n t o  fo cu s  a t  one 
t im e .
d) The image must occupy a s  much a s  p o s s ib l e  o f  th e  f i e l d  o f  v iew .
e) The d e v ic e  must be a b s o l u t e l y  c a l i b r a t e d  i f  a b s o lu t e  q u a n t i t a t i v e  
d a ta  a r e  r e q u i r e d .
f )  The o r i e n t a t i o n  o f  t h e  image must be w e l l - d e f i n e d .
g) The e l e c t r o n i c s  in v o lv e d  must n o t  be s u b j e c t  t o  any lo n g - te rm  
d r i f t .
’ 7 -3  IMAGE ANALYSIS AT NPL
A number o f  e x p e r im e n ts  were p e rfo rm ed  by th e  a u th o r  u s in g  a Cambridge 
I n s t r u m e n ts  Q uantim et 720 image a n a ly s e r  t o  a s s e s s  t h e  pe rfo rm ance  o f  
t h i s ,  one o f  t h e  most advanced  sy s te m s  a v a i l a b l e .  The image formed by th e  
R e ic h e r t  P o ly v a r  m ic ro sc o p e  was scanned  by a V id icon  cam era and p r o j e c t e d  
on to  a  s c r e e n  formed o f  720 x 910 p i c t u r e  p o i n t s .
7 .3 .1  S a t i s f a c t i o n  o f  c r i t e r i a
The c r i t e r i a  l i s t e d  p r e v i o u s l y  n e c e s s a r y  t o  o b t a i n  u s e f u l  in f o r m a t io n  
from an e l e c t r o n i c a l l y  p r o c e s s e d  image were s a t i s f i e d  a s  c l o s e l y  a s  
p o s s i b l e ,  a s  i n d i c a t e d  below .
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a) C o n s id e ra b le  e f f o r t  had been devo ted  to  o b t a i n i n g  a ve ry  w e l l  
d e f in e d  image ( s e e  C h a p te rs  5 and 6 ) .  The scanned  a r e a  was o n ly  a 
sm a l l  p r o p o r t i o n  o f  th e  whole f i e l d  o f  view a s  se en  th ro u g h  th e  
m ic roscope  (a p p ro x im a te ly  6$ by a r e a ,  25$ by d ia m e te r )  so th e  image 
to  be o b se rv e d  was formed i n  a r e g io n  v e ry  c lo s e  to  th e  o p t i c a l  
a x i s  o f  th e  m ic ro sc o p e .
b) The x20, 0 .4  NA o b j e c t i v e  p ro v id e d  a s u i t a b l y  d a rk  i n d e n t a t i o n ,  and 
th e  p r o v i s i o n  o f  i n t e r m e d i a t e  l e n s e s  a l lo w e d  th e  o v e r a l l  
m a g n i f i c a t i o n  in  th e  m ic ro sc o p e  to  be i n c r e a s e d  to  x400.
c )  The i n d e n t a t i o n s  used  were on a v e ry  ha rd  b lo c k  which i n t e r f e r e n c e  
e x a m in a t io n s  r e v e a l  a r e  g e n e r a l l y  s u b j e c t  t o  much l e s s  d i s t o r t i o n  
th a n  s o f t  m a t e r i a l s .
d) At a  m a g n i f i c a t i o n  o f  x400, t h e  s c r e e n  r e p r e s e n t e d  an a r e a  
a p p ro x im a te ly  150 jam x 120 jam, s u i t a b l e  f o r  th e  l a r g e r  i n d e n t a t i o n s  
o f  i n t e r e s t .
e )  A b so lu te  q u a n t i t a t i v e  d a t a  were n o t  r e q u i r e d  -  m ere ly  c o m p a ra t iv e  
r e a d i n g s .
f )  The i n d e n t a t i o n  s i d e s  were a l i g n e d  e x a c t l y  p e r p e n d i c u l a r  and
p a r a l l e l  t o  th e  scan  d i r e c t i o n .
g) As w i l l  be shown l a t e r ,  i t  i s  a lm o s t  im p o s s ib le  t o  d e t e c t  lo n g - te rm
d r i f t ,  s i n c e  t h e  image i t s e l f  may change o v e r  a  p e r io d  o f  t im e  a s ,
f o r  i n s t a n c e ,  t e m p e r a tu r e  v a r i a t i o n s  cau se  th e  fo cu s  t o  change . 
However, s i n c e  a number o f  r e a d i n g s  were r e q u i r e d  from each  f i e l d  
o f  v iew t o  co n fi rm  th e  s t a t i s t i c a l  r e p e a t a b i l i t y  o f  th e  m easurement 
p r o c e s s ,  th e  same image was sampled 30 t im e s  w i th  0 .5  seco n d s
between r e a d in g s  and th e n  w i th  5 seconds  betw een r e a d i n g s .  The 
fo rm er method gave a mean a r e a  o f  69268 p i x e l s  (w i th  a s ta n d a r d  
d e v i a t i o n  o f  20) and th e  l a t t e r  method a v a lu e  o f  69285 (sd  2 5 ) .  
The d i f f e r e n c e  o f  l e s s  th a n  20 p a r t s  i n  70000 sp eak s  f o r  i t s e l f .
7 .3 « 2  E f f e c t  o f  i l l u m i n a t i o n  l e v e l
The f i r s t  f a o t o r  t o  c o n s id e r  i s  th e  c r i t e r i o n  by which i t  i s  d e c id e d  
whefe th e  boundary l i e s  betw een th e  i n d e n t a t i o n  and th e  s u r ro u n d in g  
s u r f a c e .  Most d e v ic e s  a r e  programmed t o  sample th e  b r i g h t e s t  and th e  
d a r k e s t  a r e a s  i n  t h e  f i e l d  o f  view th e n  t o  s e t  a  d e t e c t i o n  t h r e s h o l d  a t  
some p re d e te rm in e d  l e v e l  betw een th e  two. However, a s  can be i n f e r r e d  
from th e  i n t e r f e r o g r a m  (F ig u r e  11) t h e r e  i s  no sh a rp  l i n e  between th e  
f l a t  s u r f a c e  and th e  s lo p i n g  i n d e n t a t i o n  s i d e ,  so t h e  i n d e n t a t i o n  edge 
w i l l  n o t  a p p e a r  p e r f e c t l y  s t r a i g h t  and w e l l  d e f in e d .
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A lthough a d e t e c t i o n  t h r e s h o l d  can be s e t  a t  any l e v e l  between b la c k  
and w h i te ,  i t  i s  c l e a r l y  im p o r ta n t  t o  have a r e p r o d u c ib l e  c r i t e r i o n .  The 
a n a ly s e r  i t s e l f  w i l l  c a l c u l a t e  such  a mean g rey  l e v e l  from sam pling  th e  
b r i g h t e s t  and th e  d a r k e s t  a r e a s  i n  t h e  f i e l d  o f  v iew , b u t  i t  i s  im p o r ta n t  
t o  d e te rm in e  w he ther  t h e  background  l e v e l  o f  i l l u m i n a t i o n  w i l l  a f f e c t  
t h i s ,  s i n c e  i t  i s  v e ry  d i f f i c u l t  to  e n s u re  t h a t  t h e  same l i g h t  l e v e l  
r e a c h e s  t h e  a n a l y s e r .  By v a ry in g  th e  lamp v o l t a g e ,  ’b r i g h t ’ , ’medium’ and 
’ lo w ’ l i g h t  l e v e l s  were a c h ie v e d ,  and th e  a p p a re n t  i n d e n t a t i o n  s i z e s  a r e  
summarized in  T ab le  1.
I l l u m i n a t i o n
l e v e l
Mean Area 
( p i x e l s )
S ta n d a rd
d e v i a t i o n
High 69035 90
Medium 69145 50
Low 79685 6690
High ( b i s ) 69024 82
T ab le  1. A pparent i n d e n t a t i o n  s i z e  a t  v a r io u s  l e v e l s  o f  i l l u m i n a t i o n
From t h e s e ,  i t  was c o n c lu d ed  t h a t  t h e  m ach ine ’ s a u to m a t ic  com pensa to r  was 
p e r f e c t l y  a d e q u a te  t o  c o r r e c t  f o r  a l l  b u t  e x c e s s i v e l y  low l i g h t  l e v e l s ,  
which i n  any c a se  l e a d  to  v e ry  l a r g e  s ta n d a r d  d e v i a t i o n s .
7 .3 * 3  E f f e c t  o f  i n d e n t a t i o n  o r i e n t a t i o n
To t e s t  th e  e f f e c t  o f  i n d e n t e r  o r i e n t a t i o n  e x p e r i m e n t a l l y ,  one 
i n d e n t a t i o n  was s e l e c t e d  and i t s  a r e a  and p e r im e te r  m easured i n  a number 
o f  d i f f e r e n t  o r i e n t a t i o n s ;  t h e  r e s u l t s  a r e  g iv en  in  T ab le  2.
The f i n a l  column shows th e  p r e d i c t e d  p e r im e te r  assum ing a s q u a re  shape  a s  
c a l c u l a t e d  from th e  a r e a  r e a d i n g .  As d i s c u s s e d  e a r l i e r ,  u n l e s s  th e  
i n d e n t a t i o n  were v e ry  d i s t o r t e d  (w hich  i n  f a c t  i t  was n o t )  t h i s  v a lu e  
sh o u ld  a g re e  w i th  th e  p e r i m e t e r  f i g u r e  t o  b e t t e r  th a n  0 .5 2 .  The f a c t  t h a t  
i t  does  n o t  i s  p ro b a b ly  due p a r t l y  t o  t h e  d i s c r e t e  n a tu r e  o f  th e  boundary  
f o r m a t io n ,  b u t  more i m p o r t a n t ly  t o  t i n y  sp e ck s  o f  d i r t  on th e  s u r f a c e .  
However, i t  sh o u ld  be p o i n t e d - o u t  t h a t  a l l  r e a s o n a b le  p r e c a u t i o n s  t o  
p r e v e n t  t h i s  had been t a k e n ;  t h e  i n d e n t a t i o n  was a s  n e a r  p e r f e c t  a s  i t  i s  
p o s s i b l e  t o  o b t a i n ,  so  anyone i n t e n d in g  to  use  t h i s  p ro c e d u re  on a
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I Angle i Area ! s . d . P e r im e te r  i s . d .  ! 4 x A/area |
I 0 I 25566 ! 20 705 I 6 I 640 |
I 15 I 25447 I 29 750 i 12 i 638 i
! 30 I 25289 ! 18 699 I 6 i 636 1
! 45 I 25276 ! 11 693 I 11 I
11
636 1
T ab le  2. A nalysed a r e a  and p e r im e te r  o f  one i n d e n t a t i o n
a s  a f u n c t i o n  o f  a n g le  to  scan d i r e c t i o n
r o u t i n e  b a s i s  sh o u ld  be aware o f  th e  v e ry  l a r g e  u n c e r t a i n t i e s  i n t r o d u c e d .
7 . 3 . 4  E f f e c t  o f  m ic ro se o p e  o p t i c s  on d e t e c t e d  a r e a
A lthough c o n s id e r a b l e  e f f o r t  had been p u t  i n t o  o b s e rv in g  th e  e f f e c t  o f  
i l l u m i n a t i o n  c o n d i t i o n s  on th e  a p p a r e n t  l o c a t i o n  o f  an i n d e n t a t i o n  c o rn e r  
( so  t h a t  c o n v e n t io n a l  c a l c u l a t i o n s  o f  a h a rd n e s s  v a lu e  co u ld  be
p e r fo rm e d ) ,  i t  was th o u g h t  n e c e s s a r y  to  a s c e r t a i n  how s i m i l a r  f a c t o r s  
changed th e  d e t e c t e d  a r e a  o f  an a n a ly s e d  image.
From r o u t i n e  m easurem ent o f  l a r g e  numbers o f  i n d e n t a t i o n s ,  i t  a p p e a re d  
t h a t  e x c e l l e n t  r e p r o d u c i b i l i t y  c o u ld  be a c h ie v e d .  However, i t  was a cause  
o f  some c o n c ern  t h a t  on r e t u r n i n g  t o  rem easu re  an i n d e n t a t i o n  th e  same 
v a lu e  was r a r e l y  fo r th c o m in g .  Long-term  d r i f t  o f  th e  camera and 
a s s o c i a t e d  e l e c t r o n i c s  was s u s p e c t e d ,  bu t  i t  was o f t e n  found t h a t
r e - f o c u s i n g  th e  m ic ro sco p e  r e s t o r e d  th e  p r e v io u s  v a l u e .  A s e r i e s  o f  
e x p e r im e n ts  was t h e r e f o r e  u n d e r ta k e n  to  i n v e s t i g a t e  th e  e f f e c t s  o f  
d e fo c u s  on th e  a p p a r e n t  a r e a  o f  im a g e -a n a ly se d  i n d e n t a t i o n s  and a l s o  t o  
se e  what e f f e c t  a p e r t u r e  has  on t h e s e  r e s u l t s .
7 .4  THE IMPORTANCE OF CORRECT FOCUS
The q u e s t i o n  o f  c o r r e c t  f o c u s in g  i s  p a r t i c u l a r l y  im p o r ta n t  when u s in g  
( s e m i- )  au tom ated  t e c h n i q u e s ,  s i n c e  i t  would be d e s i r a b l e  to  a l lo w  th e  
whole m easurement se q u en c e  t o  be p e rfo rm ed  w i th o u t  o p e r a t o r  i n t e r v e n t i o n .
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However, a o n c e - a n d - f o r - a l l  fo c u s  s e t t i n g  i s  n o t  s u f f i c i e n t  s i n c e  th e  
specim en w i l l  n o t  be p e r f e c t l y  f l a t  a n d /o r  p a r a l l e l  to  th e  p la n e  o f  
t r a v e l  o f  th e  s t a g e ,  n o r  w i l l  t h e  s t a g e  i t s e l f  be p e r f e c t l y  r i g i d .  I t  
must be remembered t h a t  even th e  r e l a t i v e l y  low powered x20 o b j e c t i v e  
w i th  a  n u m er ica l  a p e r t u r e  o f  0 .4  w i l l  have a d e p th  o f  f i e l d  o f  o n ly  a few 
m ic r o m e t r e s .
I t  i s  nowadays p o s s i b l e  t o  p u rc h a se  a u to m a t ic  fo c u s in g  d e v ic e s ;  
how ever, th e s e  i n  g e n e r a l  te n d  n o t  to  be s u i t a b l e  f o r  s tu d y in g  
m i c r o - i n d e n t a t i o n s . T h is  i s  becau se  th e  t h r e e  d im e n s io n a l  form w ith  
s h a l lo w  s lo p in g  s i d e s  p r e c lu d e s  l i n e s  o f  sh a rp  c o n t r a s t  on which th e s e  
d e v ic e s  r e l y  f o r  a  s e t t i n g .  Even i f  a b la c k  i n d e n t a t i o n  were produced  
a g a i n s t  a b r i g h t  background , th e  s e t t i n g  l i n e  would i n  a l l  p r o b a b i l i t y  be 
t h e  i n d e n t a t i o n  edge which i s  n o t  n e c e s s a r i l y  i n  th e  same p la n e  a s  th e  
b lo c k  s u r f a c e  and i n d e n t a t i o n  c o r n e r .
7 .4 .1  NPL e x p e r im e n ta l  i n v e s t i g a t i o n
For t h i s  e x e r c i s e ,  a w e l l - d e f i n e d  i n d e n t a t i o n  was viewed by th e  a u th o r  
u s in g  th e  x20 o b j e c t i v e  ( s i n c e  t h i s  was known t o  p roduce  a b la c k  p i t ) .  
The i n d e n t a t i o n  was o f  a p p ro x im a te ly  70 pm d iagona l ,  l e n g t h ,  h av ing  been 
p roduced  by a lo ad  o f  2 k g f  i n  a  b lo c k  o f  nom inal h a rd n e s s  800 HV. The 
p o s i t i o n  o f  b e s t  fo c u s  was d e te rm in e d  by lo o k in g  th ro u g h  th e  m ic roscope  
e y e p ie c e ,  and a r e a d in g  t a k e n  from t h e  c a l i b r a t e d  drum o p e r a t in g  th e  f i n e  
f o c u s .  Readings o f  t h e  i n d e n t a t i o n  a r e a  were th e n  t a k e n  a t  n o m in a l ly  1 jim 
i n t e r v a l s  w i th  th e  m ic ro sco p e  s t a g e  between 5 jim below and 4 jim above 
t h i s  p l a n e .  The e x p e r im e n t  was r e p e a te d  w ith  th e  a p e r t u r e  s to p  a l lo w in g  
l i g h t  th ro u g h  99, 68, 38 and 102 o f  t h e  a r e a  o f  th e  o b j e c t i v e  a p e r t u r e .  A 
t y p i c a l  s e t  o f  r e s u l t s  i s  shown i n  F ig u re  42, th e  same p a t t e r n  b e in g  
o b ta in e d  f o r  each  i n t e r m e d i a t e  l e n s .
In  o r d e r  t o  co n fi rm  th e  t r e n d ,  th e  a p e r t u r e  s to p  was a d ju s t e d  t o  a l lo w  
l i g h t  th ro u g h  88, 77, 66 and 552* These r e s u l t s  a r e  shown i n  F ig u re  43 
and s e rv e  to  co n fi rm  th o s e  o b ta in e d  p r e v i o u s ly .  I t  was n o t  however 
p o s s i b l e  t o  r e p e a t  th e  e x p e r im e n t  w i th  o t h e r  o b j e c t i v e s  f o r  r e a s o n s  
d i s c u s s e d  e a r l i e r .
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There  a r e  a number o f  s t r i k i n g  c o n c lu s io n s  which can be drawn from
th e s e  r e s u l t s .
1) Most i m p o r t a n t ly ,  i t  would seem t h a t  i f  th e  a p e r t u r e  s to p  i s  s e t  to  
a b o u t  70$ th e  o b j e c t i v e  NA, th e n  however f a r  below th e  i n d e n t a t i o n  
s u r f a c e  t h e  m ic roscope  i s  fo c u s e d  th e  i n d e n t a t i o n  w i l l  a p p e a r  t o  have 
th e  same a r e a .  I f  t h e  p e r c e n ta g e  i s  g r e a t e r ,  t h e  a p p a re n t  s i z e  i s  
r e d u c e d ,  and i f  s m a l l e r  i t  i n c r e a s e s .
2) Focusing  a t  any h e i g h t  above th e  s u r f a c e  g iv e s  a t o t a l l y  e r ro n e o u s  
r e s u l t ,  a s  would be e x p e c te d .
3) A l l  th e  c u rv e s  f o r  which a p e r t u r e  NA i s  a r e a s o n a b ly  l a r g e  p e rc e n ta g e  
o f  o b j e c t i v e  NA a p p e a r  t o  c r o s s  a t  one w e l l - d e f i n e d  p o i n t .  T h is  must 
be c o n s id e r e d  t o  c o r r e s p o n d  t o  th e  t r u e  f o c u s .  A lthough v e ry  c l o s e ,  i t  
does n o t  e x a c t l y  c o in c i d e  w i th  t h e  h e ig h t  chosen  by v iew ing  th e  
specim en d i r e c t l y .  There  a r e  a  number o f  p o s s i b l e  e x p la n a t i o n s  f o r  
t h i s :
F i r s t l y ,  t h e  p r o j e c t i o n  l e n s  betw een th e  m ic ro scope  and camera m ight 
be s l i g h t l y  d i f f e r e n t l y  fo c u se d  from th e  e y e p ie c e s .
S e cond ly ,  t h e r e  may have been some b a c k la s h  e f f e c t  i n  th e  s t a g e  
movement.
T h i r d l y ,  when f o c u s in g  on an i n d e n t a t i o n ,  i t  i s  e s s e n t i a l  t o  b r in g  th e  
c o r n e r s  t o  a s h a rp  f o c u s .  Due t o  p i l i n g - u p  ( o r  s i n k i n g - i n )  o f  m a t e r i a l  
a lo n g  th e  s i d e s ,  t h i s  may n o t  be t h e  p la n e  i n  which th e  i n d e n t a t i o n  as  
a  whole i s  i n  b e s t  f o c u s .  In d e e d ,  i t  i s  f o r  t h i s  r e a s o n  t h a t  
a u to f o c u s in g  d e v ic e s  a r e  o f  l i m i t e d  use in  such  s y s te m s .
4) A lthough n o t  w e l l  i l l u s t r a t e d  by t h e s e  p a r t i c u l a r  r e s u l t s ,  i t  became 
c l e a r  t h a t  v e ry  n e a r  th e  fo c u s  th e  s ta n d a r d  d e v i a t i o n  o f  r e a d in g s  
in c r e a s e d  s h a r p l y .  T h is  i s  no d oub t  due to  th e  p r e s e n c e  o f  many sm a l l  
f e a t u r e s  j u s t  on th e  t h r e s h o l d  o f  r e s o l u t i o n .  When th e  image i s  
f u r t h e r  o u t  o f  f o c u s ,  th e y  merge i n t o  th e  background , bu t  a t  fo cu s  
th e y  a r e  i n t e r m i t t e n t l y  d e t e c t e d  by th e  image a n a l y s e r .
7.4.2 Defooused image: conclusions
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Once a g a in ,  i t  was d e c id e d  t o  r e p e a t  th e  e x p e r im e n t  u s in g  a v e ry  s o f t  
b lo c k  t o  see  i f  such  an a n a l y s i s  was a t  a l l  p o s s i b l e ,  and i f  so would 
s i m i l a r  r e s u l t s  be o b t a i n e d .
From th e  s t a r t ,  i t  was r e a l i s e d  t h a t  t h i s  e x p e r im e n t  would f a i l .  Due 
t o  m a t e r i a l  d i s p l a c e d  h a v in g  p i l e d - u p  round th e  s i d e s  o f  th e  i n d e n t a t i o n  
th e  image was f a r  from w e l l  d e f i n e d ,  hav ing  lo b e s  on each  s i d e .  The 
e f f e c t  o f  l i g h t  r e f l e c t e d  from t h e s e  t o t a l l y  i n v a l i d a t e d  th e  e x p e r im e n t .  
However, when th e  m easurem ent fram e was reduced  t o  i n c lu d e  o n ly  th e  
s u r f a c e  i n  th e  im m edia te  v i c i n i t y  o f  th e  i n d e n t a t i o n ,  a l th o u g h  th e  
s t a n d a r d  d e v i a t i o n  o f  r e a d i n g s  was a p p r e c i a b l y  l a r g e r ,  a  s i m i l a r  g e n e r a l  
t r e n d  was o b s e rv e d .
7 .5  BLOCK UNIFORMITY BY COMPARATIVE MICROHARDNESS MEASUREMENTS
7.4.3 Effect of defocused image: soft block
Having devo ted  c o n s i d e r a b l e  e f f o r t  tow ards  o p t im is in g  th e  c o n d i t i o n s  
n e c e s s a r y  f o r  image a n a l y s i s  o f  m i c r o - i n d e n t a t i o n s , an ex p e r im e n t  was 
p e rfo rm ed  t o  g a th e r  c o m p a ra t iv e  d a ta  on th e  u n i f o r m i ty  o f  h a rd n e s s  ove r  
t h e  s u r f a c e  o f  a h i g h - q u a l i t y  t e s t  b lo c k .
7 .5 .1  Large s c a l e  u n i f o r m i ty
In  o r d e r  t o  t e s t  t h e  c la im e d  v a lu e  o f  s u r f a c e  h a rd n e s s  u n i f o r m i ty ,  one 
b lo c k  was s e l e c t e d  by th e  a u th o r  and 400 i n d e n t a t i o n s  i n  a g r id  20 x 20 
a t  a s e p a r a t i o n  o f  0 .5  mm c o v e r in g  an a r e a  o f  1 s q u a re  c e n t i m e t r e  were 
p ro d u ce d .  T h is  was t h e  i d e a l  a r t e f a c t  f o r  a u to m a t ic  measurem ent f o r  two 
r e a s o n s :  f i r s t l y ,  t h e  r e l a t i v e  p o s i t i o n s  o f  th e  i n d e n t a t i o n s  was
a c c u r a t e l y  known, and s e c o n d ly  i t  was n o t  n e c e s s a ry  t o  o b t a i n  a b s o lu t e  
v a lu e s  o f  h a rd n e s s  s in c e  c o m p a ra t iv e  a r e a  m easurem ents c o u ld  be used  t o  
a s s e s s  th e  h a rd n e s s  v a r i a t i o n  o v e r  t h i s  s u r f a c e .  F u r th e rm o re ,  such  a 
p r o c e s s  would be v e ry  q u ic k  and ( a p a r t  from f o c u s in g  th e  m ic ro scope )  
e n t i r e l y  in d e p e n d e n t  o f  th e  o b s e r v e r .
The h a r d e s t  a v a i l a b l e  b lo c k  o f  nom inal 800 HV was used  f o r  t h i s  
e x e r c i s e  s in c e  i t  was th o u g h t  t h a t  t h i s  would p ro b a b ly  be th e  most 
d i f f i c u l t  t o  p roduce  p r e c i s e l y  un ifo rm  and a l s o  because  w e l l - d e f i n e d  
i n d e n t a t i o n s  would be p roduced  ( i t  h av in g  been d e m o n s tra ted  e a r l i e r  t h a t
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i n d e n t a t i o n s  on s o f t  b lo c k s  do n o t  l e n d  th em se lv e s  t o  such  s t u d i e s ) . The 
f i n a l  r e s u l t  was t h a t  t h e  400 i n d e n t a t i o n s  y i e ld e d  an a v e ra g e  h a rd n e s s  
v a lu e  o f  811 .8  w i th  a s t a n d a r d  d e v i a t i o n  o f  7* 3* Only one r e a d in g  was 
more th a n  t h r e e  s t a n d a r d  d e v i a t i o n s  from t h i s  g rand  mean. M oreover, th e  
s p re a d  o f  h ig h  and low v a lu e s  was q u i t e  un ifo rm  a c r o s s  most o f  th e  s q u a re  
( d ia g o n a l ly )  w i th  o n ly  a s l i g h t  ten d e n c y  f o r  one c o rn e r  o f  th e  s q u a re  t o  
a p p e a r  ha rd  and th e  d i a m e t r i c a l l y  o p p o s i t e  one s o f t .
7 . 5 . 2  Sm all s o a le  u n i f o r m i ty
In  o r d e r  t o  t e s t  th e  u n i f o r m i ty  on a s m a l l e r  s c a l e ,  100 i n d e n t a t i o n s  
were made i n  a s q u a re  10 x 10 g r i d  u s in g  a load  o f  200 g f .  The s p a c in g  o f  
t h e s e  i n d e n t a t i o n s  was 100 jam, so  t h e  e x p e r im e n t  o c c u p ie d  j u s t  one sq u a re  
m i l l i m e t r e .  The mean h a rd n e s s  v a lu e  o b ta in e d  i n  t h i s  c a se  was found t o  be
838 .8  w i th  a s ta n d a r d  d e v i a t i o n  o f  9 . 1 .  Once a g a in ,  o n ly  one r e s u l t  l a y  
more than  3 s ta n d a r d  d e v i a t i o n s  from t h i s  g rand  mean.
The d i f f e r e n c e  i n  h a rd n e s s  betw een t h e s e  e x p e r im e n ts  was so m arked, 
and so  much q u a n t i t a t i v e  i n f o r m a t io n  had been accum ula ted  ab o u t  t h i s  
b lo c k  t h a t  i t  was d e c id e d  t o  make t e n  f u r t h e r  i n d e n t a t i o n s  a t  each  o f  
f o u r  d i f f e r e n t  lo a d s  t o  a s c e r t a i n  u s in g  c o n v e n t io n a l  m easurement 
t e c h n iq u e s  w hether  t h e r e  was any r e a l  lo ad  dependence , p o s s ib l y  due to  a 
w ork -hardened  s u r f a c e  l a y e r .  The r e s u l t s  a r e  shown in  T ab le  3 .
' Load ( g f )  ' HV '
11
HV 1
I 2000 i
11
11 812 i
i 2000 I 817 I
I 1000 i 822 !
! 500 I 825 I
I 300 i 825 !
! 200 ! 11
11
839 i
Table  3. V ic k e rs  h a rd n e s s  a t  v a r io u s  l o a d s  
on one h i g h - q u a l i t y  t e s t  b lo c k
Although there may be some slight effect, it is on nothing like the scale
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o f  t h e  o r i g i n a l  e x p e r im e n t ,  i n d i c a t i n g  c o n c lu s i v e l y  t h a t  image a n a l y s i s  
t e c h n iq u e s  a r e  n o t  s u i t a b l e  f o r  a b s o lu t e  h a rd n e s s  d e t e r m i n a t i o n s .
7 .6  CONCLUSION
The o v e r a l l  c o n c lu s io n  t o  t h i s  s e c t i o n  must i n e v i t a b l y  be t h a t  
a c c u r a t e  q u a n t i t a t i v e  h a rd n e s s  d a t a  c a n n o t  be o b t a in e d  by t e c h n iq u e s  o f  
image a n a l y s i s  owing t o  th e  numerous ( o f t e n  in su rm o u n ta b le )  o b s t a c l e s  
e n c o u n te r e d .
As long  ago a s  1946, Crow and H in s le y  w ro te  a  p a p e r  d i s c u s s in g  th e
d e s i r a b i l i t y  o f  c o r r e c t i n g  th e  ’ i n a c c u r a c i e s ’ i n c u r r e d  by n e g l e c t i n g  t o
t a k e  a c c o u n t  o f  t h e  c o n v e x i ty  o f  i n d e n t a t i o n s  ( p a r t i c u l a r l y  on
c o l d - r o l l e d  s t r i p )  when c a l c u l a t i n g  a V ic k e rs  h a rd n e s s  v a lu e .  F o llow ing
up a s u g g e s t io n  made by O’N e i l l  (1 9 3 4 ) ,  th e  d ia g o n a l  m easurem ents were
2’ c o r r e c t e d ’ by a f a c t o r  o f  —  ch  t o  i n c lu d e  th e  a r e a  o f  th e  b u lg e  whose 
shape  was assumed t o  be e i t h e r  c i r c u l a r  o r  p a r a b o l i c  (c  b e in g  th e  l e n g t h  
o f  t h e  c h o rd ,  p a r a l l e l  t o  t h e  t a n g e n t  a t  th e  v e r t e x ,  w hich i s  c u t  o f f  th e  
p a r a b o la  and h i s  t h e  h e i g h t  o f  t h e  s e g m e n t ) . T h is  had th e  e f f e c t  o f  
chang ing  th e  h a rd n e s s  number o b t a in e d  by between 10$ and 20$ on t h e i r  
p a r t i c u l a r  s a m p le s .  F u r th e r  c a l c u l a t i o n s  were pe rfo rm ed  u s in g  . th e
 --- -  - - p
g e o m e tr ic  mean o f  th e  two d i a g o n a l s ,  ( v a x b )  , r a t h e r  th an  th e  
c o n v e n t i o n a l l y  a c c e p te d  a r i t h m e t i c  mean, —  (a  + b ) , and a l s o  a l lo w in g  f o r  
t h e  f a c t  t h a t  th e  d i a g o n a l s  were n o t  s t r i c t l y  o r th o g o n a l .  A lthough n e v e r  
p u r s u e d ,  t h e s e  a rgum en ts  have r e c e n t l y  been r e s u r r e c t e d  by 
Rowe e t  a l  (1982) who make a s i m i l a r  c o r r e c t i o n  when m easu r ing  th e  a r e a  
o f  an i n d e n t a t i o n  a u t o m a t i c a l l y  u s in g  image a n a l y s i s  t e c h n iq u e s  which 
th e y  c la im  would o th e r w i s e  g iv e  an answer some 4$ i n  e r r o r  f o r  h e a t  
t r e a t e d  s t e e l s .
However, th e  most damning o b j e c t i o n  to  c a l c u l a t i n g  a h a rd n e s s  v a lu e  
from a d i r e c t  m easurem ent o f  t h e  r e c o v e r e d  p r o j e c t e d  i n d e n t a t i o n  a r e a  ( a s  
opposed t o  one c a l c u l a t e d  from a measurem ent o f  th e  d ia g o n a l  l e n g t h s )  has  
been w e l l  known f o r  many y e a r s .  Bergsman (1954) pe rfo rm ed  a s e r i e s  o f  
e x p e r im e n ts  on w ork -hardened  spec im ens  where m a t e r i a l  p i l e d - u p  a t  th e  
s i d e s  had c r e a t e d  b a r r e l - s h a p e d  i n d e n t a t i o n s .  Having m easured th e  
i n d e n t a t i o n s  i n  t h i s  s t a t e ,  he c a r e f u l l y  ground th e  s u r f a c e  f l a t  a g a in  
and found t h a t  a  s q u a re  i n d e n t a t i o n  r e s u l t e d .  By r e l o a d in g  th e  i n d e n t e r ,  
t h e  l e n g th  o f  th e  d i a g o n a l s  i n c r e a s e d  by o n ly  1 .3 $ .  T h is  d e m o n s tra ted  
t h a t  th e  b u lg e s  were n o t  s u p p o r t i n g  any s i g n i f i c a n t  p a r t  o f  th e  l o a d ,
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t h e r e b y  c o n f i rm in g  t h a t  t h e  t r u e  V ic k e rs  h a rd n e s s  v a lu e  sh o u ld  be 
computed from a m easurem ent o f  t h e  i n d e n t a t i o n  d i a g o n a l  l e n g t h .  The a r e a  
o f  th e  o r i g i n a l  convex i n d e n t a t i o n  was c a l c u l a t e d  t o  have  been ab o u t  152 
g r e a t e r  th a n  t h a t  o f  th e  s q u a re  i n d e n t a t i o n  (which seems p e r f e c t l y  
r e a s o n a b le  i n  view o f  t h e  d iag ra m s  in  F ig u re  4 1 ) .  An a r e a  m easurement 
would th u s  have y i e ld e d  a h a rd n e s s  v a lu e  in  e r r o r  by t h i s  amount.
In d e e d ,  even e a r l i e r  th a n  Bergsman, Knoop e t  a l  (1939) pe rfo rm ed  a 
v e ry  s i m i l a r  e x p e r im e n t  w i th  t h e i r  new i n d e n t e r  and found t h a t  w hereas  
th e  r a i s e d  m a t e r i a l  added 182 t o  th e  l a t e r a l  a r e a  i t  a c t u a l l y  s u p p o r te d  
l e s s  th a n  12 o f  th e  lo a d .
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C HAPTER  8 
INDENTATION D EPTH
8.1  INTRODUCTION
In  a c c o rd a n c e  w i th  th e  a c c e p te d  d e f i n i t i o n  o f  h a rd n e s s  a s  ’ th e  
r e s i s t a n c e  o f  a m a t e r i a l  t o  p e rm a n en t ,  o r  p l a s t i c  d e fo r m a t io n '  I t  i s  
c o n v e n t io n a l  t o  remove th e  i n d e n t e r  b e fo r e  m easu r ing  th e  s i z e  o f  
i n d e n t a t i o n  p ro d u ce d .  However, s i n c e  some m a t e r i a l s  d i s p l a y  c o n s id e r a b l e  
r e c o v e r y  t h e r e  h a s  been much i n t e r e s t  over  th e  y e a r s  i n  d e s ig n in g  a 
machine t o  m easure  t h e  u n re c o v e re d  i n d e n t a t i o n  a r e a  by means o f  
i n d e n t a t i o n  d e p th .  I t  would a l s o  be v e ry  c o n v e n ie n t  i f  such  a  t e s t  c o u ld  
be pe rfo rm ed  u s in g  a p y ra m id a l  i n d e n t e r  i n  th e  same way a s  a  Rockwell 
t e s t  so  t h a t  t h e  i n d e n t a t i o n  d i a g o n a l s  need n o t  be o p t i c a l l y  m easu red . 
T h is  c h a p te r  c o n s id e r s  t h e  p rob lem s in v o lv e d  i n  such  a p r o c e s s  and 
re v ie w s  some o f  t h e  im p o r ta n t  work a l r e a d y  c a r r i e d - o u t  on t h i s  s u b j e c t ,  
l e a d i n g  t o  a  d i s c u s s i o n  o f  t h e  q u e s t i o n  o f  u l t r a - m i c r o h a r d n e s s .  O ther  
u s e s  o f  d e p th  m easurem ent a r e  th e n  c o n s id e r e d  w ith  p a r t i c u l a r  r e f e r e n c e  
t o  e l a s t i c  m a t e r i a l s .
8 .2  PROBLEMS OF DEPTH MEASUREMENT
The g r e a t  problem  o f  m easu r ing  i n d e n t a t i o n  d e p th  i s  t h a t  i t  i s  a lm o s t  
im p o s s ib le  to  r e g i s t e r  e x a c t l y  when an i n d e n t e r  s t r i k e s  th e  s u r f a c e .  In  
Rockwell t e s t s  t h i s  problem  i s  overcome by a p p ly in g  a l i g h t  p r e l i m i n a r y  
lo a d  t o  th e  i n d e n t e r  which f i x e s  a datum , so i t  i s  o n ly  th e  s u b s e q u e n t  
i n d e n t a t i o n  d e p th  u n d e r  th e  m ajo r  lo ad  which i s  c o n s id e r e d .  However, 
t h i s  i s  n o t  how th e  V ic k e rs  t e s t  i s  d e f in e d  and a l th o u g h  i t .  would be 
p e r f e c t l y  p o s s i b l e  t o  pe rfo rm  th e  t e s t  i n  t h i s  ’R o ck w ell’ manner a new 
s c a l e  would t h e r e b y  be c r e a t e d  so  t h e  r e s u l t i n g  number co u ld  n o t  be s a id  
t o  p o s s e s s  a  V ic k e rs  h a rd n e s s  v a lu e .  F ig u re  44 shows how a ’’V ic k e r s ’’ 
h a rd n e s s  number co u ld  be c a l c u l a t e d  from a knowledge o f  th e  p r e l i m i n a r y  
and f i n a l  lo a d s  and th e  i n d e n t a t i o n  d e p th .  Depending on how one w ished 
t o  d e f i n e  such  a t e s t ,  t h i s  c o u ld  e i t h e r  be th e  u n re c o v e re d  d e p th ,  i e  
H b e in g  m easured w i th  t h e  f u l l  lo a d  s t i l l  a p p l i e d ,  o r  th e  r e c o v e re d  
d e p th ,  a s  i n  a  c o n v e n t io n a l  Rockwell t e s t ,  where th e  h e i g h t  H i s  
r e c o rd e d  a f t e r  rem oval o f  th e  s e c o n d a ry  lo a d .
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F ig .  44 C a l c u l a t i o n  o f  a  " V ic k e rs "  h a rd n e s s  number 
by i n d e n t a t i o n  d e p th  m easurement
1854.4 m 1854.4 M
i i  V — —
( 7 h ) 2 [ 7 (h + h ) ] 2 (1)
th u s  7 mM H + h
Now, H ,  (H + h) [1 -  ( j F h r ) ]  = <H + h) (1 . y |  )
so  (H + h) =     (2 )
(1 - Vm 7 M)
s u b s t i t u t i n g  (2 )  i n t o  ( 1 ) :  HV = 1854.4 M (1 -V m  /  M)2 
(7H)2
1854.4 (VM - Vm)2 
49 H2
(Vm - Vm)2
H
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I t  seems p r o b a b le  t h a t  t h e  e r r o r  i n t r o d u c e d  by t h i s  method ( i e  
d e v i a t i o n  from th e  v a lu e  c o n v e n t i o n a l l y  o b ta in e d )  w i l l  a r i s e  from t h r e e  
main s o u r c e s ,  namely:
a) i n d e n t a t i o n  r e c o v e r y
b) s u r f a c e  h a rd e n in g
c)  m easurement a c c u ra c y
8 .3 .1  I n d e n t a t i o n  r e c o v e ry
On rem oval o f  th e  i n d e n t e r  t h e r e  i s  g e n e r a l l y  a c e r t a i n  amount o f  
r e c o v e r y  o f  t h e  i n d e n t a t i o n .  I t  i s  w e l l  known, how ever, t h a t  th e  
i n d e n t a t i o n  c o r n e r s  (betw een  which o p t i c a l  m easurem ents a r e  tak e n )  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  e f f e c t  s i n c e  th e  m ajor  r e g io n  o f  s u r f a c e  
d i s t u r b a n c e  i s  a lo n g  th e  s i d e s  o f  th e  i n d e n t a t i o n s .  T h is  i s  i l l u s t r a t e d  
i n  F ig u re  45 w hich shows in t e r f e r o g r a m s  o f  two s i m i l a r l y - s i z e d  
i n d e n t a t i o n s  (a )  on a v e ry  h a rd  b lo c k ,  n o m in a l ly  800 HV, and (b) on a 
v e ry  s o f t  b lo c k ,  n o m in a l ly  40 HV.
I t  sh o u ld  be n o te d  t h a t  t h e s e  a r e  n o t  i n  f a c t  ’micro* i n d e n t a t i o n s  a s  
d e f in e d  e lse w h e re  i n  t h i s  work, t h e  f i r s t  h av in g  been produced  w ith  a 
lo a d  o f  30 k g f  and th e  second  w i th  a lo ad  o f  1600 g f ;  th e y  a r e  th u s  bo th  
o f  a b o u t  270 jam d i a g o n a l  l e n g t h .  The re a s o n  f o r  u s in g  i n d e n t a t i o n s  o f  
t h i s  s i z e  w i l l  be c l e a r  from th e  p h o to g ra p h s ,  in  t h a t  even w ith  such  
l a r g e  i n d e n t a t i o n s  th e  number o f  f r i n g e s  s u r ro u n d in g  them ( r e p r e s e n t i n g  
m a t e r i a l  p i l e d - u p  a t  t h e  s i d e s )  i s  q u i t e  sm a l l  (4 f r i n g e s  and 14 f r i n g e s  
r e p r e s e n t i n g  1 jam and 4 jam r e s p e c t i v e l y ;  s i n c e  th e  w ave leng th  o f  l i g h t  
u sed  t o  p roduce  t h e s e  i n t e r f e r o g r a m s  was 546 nm, one f r i n g e  r e p r e s e n t s  a 
h e i g h t  o f  a p p ro x im a te ly  0 .2 5  jam). T h is  i s  n o t  a lw ays th e  c a s e ;  some 
m a t e r i a l s  d e m o n s t ra te  c o n s id e r a b l y  g r e a t e r  d e fo r m a t io n ,  b u t  s i n c e  t h e  
amount p i l e d - u p  does a p p e a r  t o  re d u c e  i n  p r o p o r t i o n  t o  th e  i n d e n t a t i o n  
s i z e ,  w i th  t r u e  m i c r o - i n d e n t a t i o n s  on th e s e  p a r t i c u l a r  h i g h - q u a l i t y  
b lo c k s  th e  number o f  f r i n g e s  i s  so  sm a l l  as  to  make th e  e f f e c t  a lm o s t  
u n d e t e c t a b l e .  F u r th e rm o re ,  even though  th e  h e ig h t  o f  m a t e r i a l  p i l e d - u p  
i s  s m a l l  i n  a b s o lu t e  t e r m s ,  i t  sh o u ld  be remembered t h a t  t h e s e  
i n d e n t a t i o n s  a r e  o n ly  a b o u t  40 jam d eep ,  so th e  p i l e - u p  r e p r e s e n t s  2 .5$  
and 10$ o f  th e  d e p th  r e s p e c t i v e l y .
8.3 SOURCES OF UNCERTAINTY
- 1 6 9 -
i
( a )
( b )
Fi g  4 5  I n t e r f e r e n c e  p h o t o g r a p h s  of i n d e n t a t i o n s  on
(a)  a  v e r y  h a r d  block a n d  (b)  a  v e r y  s o f t  block
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8 . 3 . 2  S u r fa c e  h a rd e n in g
The second  s o u rc e  o f  u n c e r t a i n t y  i s  t h e  u n i f o r m i ty  o f  h a rd n e s s  w i th  
l o a d ,  o r  s i m i l a r l y  w i th  d e p th .  In  th e  c a l c u l a t i o n s  a t t a c h e d  t o  F ig u re  44 
i t  was assumed t h a t  t h e  same h a rd n e s s  p r e v a i l e d  d u r in g  th e  a p p l i c a t i o n  
o f  th e  m ajor  and o f  t h e  m inor l o a d .  A lthough t h e o r e t i c a l l y  t r u e ,  t h i s  
s i t u a t i o n  i s  a lm o s t  i n c o n c e iv a b l e ;  i t  i s  h ig h ly  p r o b a b le  t h a t  t e c h n iq u e s  
o f  s u r f a c e  p r e p a r a t i o n  w i l l  have changed th e  h a rd n e s s  o f  th e  s u r f a c e  
l a y e r  from t h a t  o f  th e  b u lk  m a t e r i a l  below . F u r th e rm o re ,  th e  s u r f a c e  
would need t o  be o f  v e ry  h ig h  q u a l i t y ,  a t  l e a s t  o v e r  t h i s  m ic ro sc o p ic  
a r e a ,  i f  t h e  t e s t  were t o  be pe rfo rm ed  a c c u r a t e l y  s in c e  any s u r f a c e  
a s p e r i t i e s  i n  t h e  ne ighbou rhood  would have a p ro found  e f f e c t  upon th e  
h a rd n e s s  v a lu e  o b t a i n e d .  I t  s h o u ld ,  a f t e r  a l l ,  be remembered t h a t  t h i s  
t e s t  would be used  t o  p roduce  v e ry  sm a l l  m i c r o - i n d e n t a t i o n s , so  t h e r e  
would be no q u e s t io n  o f  a v e ra g in g  th e  h a rd n e s s  over  a l a r g e  a r e a  a s  i s  
e s s e n t i a l l y  a c h ie v e d  by th e  c o n v e n t io n a l  Rockwell t e s t .
The c o n d i t i o n  o f  th e  specim en  s u r f a c e  i s  one a s p e c t  o f  th e  
m ic ro h a rd n e ss  t e s t  which i s  n o t  w e l l  d e f in e d  i n  e x i s t i n g  s t a n d a r d s .  The 
R u ss ia n s  c a l l  f o r  t h e  s u r f a c e  ro u g h n ess  to  be l e s s  th a n  Ra = 32 nm and 
th e  Ja p an e se  f o r  t h e  s u r f a c e  f i n i s h  t o  be b e t t e r  th a n  2 j i in  CLA. 
However, most o t h e r  s t a n d a r d s  c o n s id e r  th e  s u r f a c e  t o  be s u f f i c i e n t l y  
w e l l  p r e p a re d  i f  a  w e l l  d e f in e d  i n d e n t a t i o n  can be p ro d u ce d .  The method 
o f  p r e p a r a t i o n  i s  even more d i f f i c u l t  t o  s p e c i f y ,  s i n c e  d i f f e r e n t  
sam ples  r e q u i r e  d i f f e r e n t  t r e a t m e n t ;  th e  o n ly  c o n d i t i o n  t h a t  can be 
la id -d o w n  i s  t h a t  l o c a l  h e a t i n g  o r  w orking which would change th e  
•h a rd n e ss  sh o u ld  be m in im ised .
8 . 3 . 3  Measurement a c c u ra c y
The t h i r d  a s p e c t  t o  s o u rc e s  o f  u n c e r t a i n t y  i s  th e  a c c u ra c y  w ith  which 
th e  i n d e n t a t i o n  d e p th  c o u ld  be m easu red . There would be r e l a t i v e l y  
l i t t l e  p o i n t  i n  u s in g  t h i s  s o r t  o f  t e s t  a t  h ig h  l o a d s .  A lthough th e  
p r o c e s s  would be q u i c k e r  and e a s i e r  th a n  a c o n v e n t io n a l  V ic k e rs  t e s t , 
t h e r e  i s  l e s s  d i f f i c u l t y  i n  m easu r ing  a l a r g e  i n d e n t a t i o n  o p t i c a l l y ,  and 
a Rockwell t e s t  i s  g e n e r a l l y  s a t i s f a c t o r y  where th e  lo ad  i s  l a r g e .  The
q u e s t i o n  under  d i s c u s s i o n  i s  th e  u se  o f  such  a t e s t  a t  v e ry  low lo a d s
where a Rockwell i n d e n t e r  c o u ld  n o t  be used  ( p r i n c i p a l l y  because  o f  i t s  
g e o m e try ) .  F ig u re  46 i l l u s t r a t e s  t h a t  when lo a d s  o f  l e s s  th a n  100 g f  a r e
employed, th e  i n d e n t a t i o n s  p roduced  a r e  so sm a l l  (even  i n  s o f t
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F i g . 46 D i a go n a l  l e n g t h  of Vickers i n d e n t a t i o n s  a s  a  
f u n c t i o n  of h a r d n e s s  a n d  l o a d  
(a)  1 0 gf  a n d  b e l o w j  (b)  1 0 0 g f  a n d  b e l o w
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m a t e r i a l s )  a s  t o  make t h e i r  s i z e  im p o s s ib le  t o  m easure  a c c u r a t e l y  u s in g  
t e c h n iq u e s  o f  o p t i c a l  m ic ro sc o p y .
As has  been d i s c u s s e d  e l s e w h e r e ,  any e r r o r  in t r o d u c e d  i n  a 
m easurem ent o f  t h e  i n d e n t a t i o n  d i a g o n a l  i s  doub led  on c a l c u l a t i n g  a
p
h a rd n e s s  v a lu e  ( s i n c e  h a rd n e s s  = lo ad  /  a r e a  esc lo a d  /  d ia g o n a l  ) .  
However, th e  d e p th  o f  a V ic k e rs  i n d e n t a t i o n  i s  o n ly  ( a p p ro x im a te ly )  one 
s e v e n th  o f  i t s  d ia g o n a l  l e n g t h ;  f u r th e r m o r e ,  i t  i s  g e n e r a l l y  a c c e p te d  
t h a t  t h e  p e n e t r a t i o n  d e p th  o f  an  i n d e n t e r  sh o u ld  n o t  exceed  1/10 o f  th e  
specim en t h i c k n e s s  so t h a t  th e  s u b s t r a t e  has  no e f f e c t  on th e  h a rd n e s s  
v a lu e  o b ta in e d .  B r i t i s h  S ta n d a rd  427, P a r t  1, (1 9 6 1 ) ,  p a r a .  8b, f o r
i n s t a n c e ,  s t a t e s  t h a t  ’ th e  t h i c k n e s s  o f  th e  t e s t  p i e c e  o r  o f  t h e  l a y e r  
unde r  t e s t  s h a l l  be a t  l e a s t  1 .5  t im e s  th e  d ia g o n a l  o f  th e  [V io k e rs ]  
i n d e n t a t i o n ’ . I t  would t h e r e f o r e  be n e c e s s a r y  t o  m easure  d e p th s  o f  th e  
o r d e r  o f  1 jam to  an a c c u r a c y  o f ,  s a y ,  1$ i e  a c c u r a t e  t o  10 run. A lthough 
v e ry  d i f f i c u l t ,  w i th  c u r r e n t  t r a n s d u c e r  t e c h n o lo g y  t h i s  i s  nowadays by 
no means beyond th e  re a lm s  o f  p o s s i b i l i t y .
8 .4  INDENTER TYPE
Another im p o r ta n t  p o i n t  t o  c o n s id e r  i n  c o n n e c t io n  w ith  t h i s  
d i s c u s s i o n  i s  w he ther  th e  V ic k e rs  i n d e n t e r  would be t h e  most s u i t a b l e  
g e o m e t r i c a l  form f o r  t h i s  ty p e  o f  work. A p y ram id a l  i n d e n t e r  i s  c l e a r l y  
r e q u i r e d ,  and th e  Knoop form i s  t o t a l l y  u n s u i t a b l e  s in c e  i t  i s  
s p e c i f i c a l l y  d e s ig n e d  t o  p roduce  an e lo n g a te d  i n d e n t a t i o n .  B ro o k e s ’ s 
p e n ta g o n a l  i n d e n t e r  would a l s o  have no a d v a n ta g e ;  i t  was deve loped  
s p e c i f i c a l l y  f o r  c r y s t a l l o g r a p h i c  work, i t  i s  n o t  r e a d i l y  a v a i l a b l e  and 
i t  i s  n o t  r e c o g n i s e d  by any s t a n d a r d i z i n g  a u t h o r i t y .  The b e s t  c a n d id a te  
i s  t h e  B erkov ich  i n d e n t e r ;  d e s ig n e d  by Khrushchov and B erkov ich  (1950) 
which h a s  t h e  form o f  a  t r i a n g u l a r - b a s e d  pyram id ( s e e  C hap te r  2 ) .  
A lthough more t e d i o u s  t o  u se  when o p t i c a l  m easurement o f  t h e  i n d e n t a t i o n  
i s  r e q u i r e d  ( s i n c e  t h e  l e n g t h s  o f  th e  t h r e e  a l t i t u d e s  have each  t o  be 
m easured and a v e ra g e d ,  a s  opposed t o  th e  two d i a g o n a l s  o f  a V ick e rs  
i n d e n t a t i o n ) , i t  does have th e  s i g n i f i c a n t  a d v a n ta g e  t h a t  th e  t h r e e  
f a c e s  must meet a t  a  p o i n t .  A lthough t h i s  w i l l  be rounded t o  a c e r t a i n  
e x t e n t ,  i e  n o t  i n f i n i t e l y  s h a r p ,  t h e r e  a r e  n o t  th e  same u n c e r t a i n t i e s  a s  
w i th  a  V ic k e rs  i n d e n t e r  which i s  q u i t e  commonly found t o  have a c h i s e l  
ed g e .  I t  m igh t even be a d v a n ta g e o u s  to  use  a ’ s h a r p e r ’ i n d e n t e r  o f  
e i t h e r  form ( i e  w i th  a s m a l l e r  in c lu d e d  a n g le  betw een th e  f a c e s ) ;  
how ever, once a g a in  th e  p roblem  would a r i s e  t h a t  an e n t i r e l y  new s c a l e
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would th u s  be d e f i n e d .  T h is  c o u ld  be done i n  c o n ju n c t io n  w i th  r e d e f i n i n g  
th e  t e s t  p r o c e d u r e ,  b u t  i t  m ight p rove  d i f f i c u l t  t o  g a in  i n t e r n a t i o n a l  
o r  even n a t i o n a l  a c c e p ta n c e ,  s u p p o r t  and r e c o g n i t i o n .  On th e  o t h e r  hand , 
t h e  f a c t  rem a in s  t h a t  such  a t e s t  would be e n t e r i n g  a new reg im e and i t  
i s  d e b a ta b le  w he the r  any p u rp o se  would be s e rv e d  by t e s t i n g  h a rd n e s s  on 
such  a sm a l l  s c a l e  i n  a manner c o r r e s p o n d in g  t o  t h a t  used  w ith  lo a d s  up 
t o  120 k g f .
8 .5  EARLY WORK ON INDENTATION DEPTH MEASUREMENT
The th in k i n g  beh ind  th e  f o re g o in g  d i s c u s s io n  i s  by no means new. 
Weingr&ber (1945) d e v e lo p e d  e x p r e s s io n s  s i m i l a r  t o  th o s e  d e r iv e d  in  
F ig u re  44 and p ro ce e d e d  t o  d i s c u s s  t h e  m easurement u n c e r t a i n t i e s  
i n v o lv e d .  He con c lu d ed  t h a t  ' t h e  d e te r m in a t io n  o f  V ic k e rs  h a rd n e s s  
numbers on th e  b a s i s  o f  d e p th  o f  i n d e n t a t i o n  m easu rem en ts ,  and w i th
sm a l l  t e s t  l o a d s ,  t h e r e f o r e  r e q u i r e s  gauges o f  h ig h e r  a c c u ra c y  th a n  th e  
d i a l  gauges a t  p r e s e n t  i n  use  . . .  so  t h a t  f o r  th e  t im e  b e in g ,  th e  u se  o f  
th e  new method c a n n o t  be a d v i s e d . '  Woxen (1 9 4 4 ) ,  on th e  o t h e r  hand , 
c la im e d  t h a t  by u s in g  a m ic r o c a to r  ( ' a  f i n e  m easu r ing  in s t r u m e n t  which 
makes u se  o f  a t w i s t e d  s t e e l  band and has  no l i n k s  c a u s in g  b a c k la s h  and 
f r i c t i o n 1) a  d e p th  r e a d in g  c o u ld  be o b ta in e d  o ve r  a  ran g e  o f  14 jam
c o r r e c t  w i th in  +_ 0 .0 4  jam, th e  e r r o r  b e in g  g u a ra n te e d  l e s s  th a n  +_ 1 .5 $ .  
In d e e d ,  Woxen h i m s e l f  d e s ig n e d  a new machine s p e c i f i c a l l y  f o r  t e s t i n g  
m ic ro h a rd n e ss  by d e p th  m easurem ent which c o u ld  t r a n s f e r  lo a d s  from a few 
grams f o r c e  to  1 k g f .
The specim en was p la c e d  on a  s t a g e  which was r a i s e d  by a l e v e r  u n t i l  
t h e  specim en made c o n t a c t  w i th  th e  i n d e n t e r ;  th e n  th e  i n i t i a l  lo a d  was 
a p p l i e d  and th e  m ic r o o a to r  r e a d in g  n o te d .  The m ajor  lo ad  was 
s u b s e q u e n t ly  added by means o f  a n o th e r  l e v e r  and removed a g a in  a f t e r  30 
s e c o n d s ,  a t  which t im e  th e  second  m ic r o c a to r  r e a d in g  was t a k e n .  The
d i f f e r e n c e  i n  r e a d in g s  th u s  gave th e  r e q u i r e d  p e n e t r a t i o n  d e p th .  Care
was ta k e n  t h a t  t h e  lo a d  s h o u ld  be a p p l i e d  sm ooth ly  w i th o u t  shock  and 
a l s o  t h a t ,  t h e r e  sh o u ld  be no l a t e r a l  d i s p la c e m e n t  o f  th e  s t a g e ,  which 
was p r e c lu d e d  by s u s p e n d in g  i t  by two l e a f  s p r i n g s .  A m ic ro scope  system  
was a l s o  i n c o r p o r a t e d  so  t h a t  th e  i n d e n t a t i o n  co u ld  be m easured 
o p t i c a l l y  and a c o r r e s p o n d in g  V ic k e rs  h a rd n e s s  number o b t a i n e d .  A 136° 
p y ram id a l  diamond was recommended, b u t  Woxen s t a t e d  t h a t  a 120° diamond 
cone co u ld  be used  i n s t e a d ,  a s  co u ld  a b a l l ,  o r  in  s p e c i a l  c a s e s  a 
s a p p h i r e  p o in t  (gramophone n e e d le )  w i th  nose r a d i u s  a b o u t  35 pm.
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8 .5 .1  Cold working
Woxen was, how ever, a l s o  c o n c e rn e d  w i th  th e  c o ld  w orking c a p a c i t y ,  c ,  
o f  a  m a t e r i a l  ( m e t a l s ,  c r y s t a l s ,  t h i n  h a rd  s u r f a c e  l a y e r s  e t c . ) .  He
m o d es t ly  d e f in e d  th e  q u a n t i t y  37 .84  (v'M -  V i )  /  H to  be th e  Woxen
2H ardness  Number, and d e f in e d  th e  V ic k e rs  h a rd n e s s  a s  H /  c to  t a k ew
ac c o u n t  o f  th e  a d d i t i o n a l  h e ig h t  i n t r o d u c e d  by p i l e d - u p  m a t e r i a l .
I t  sh o u ld  be e x p la in e d  t h a t  i n  th e  c a se  o f  a  w ork -hardened  m e t a l , 
whose c o ld -w o rk in g  c a p a c i t y  i s  low (c  < 1 ) ,  m a t e r i a l  w i l l  have a 
te n d e n c y  t o  f low  up th e  f a c e s  o f  t h e  i n d e n t e r  ( i t  b e in g  more c o n s t r a in e d  
n e a r  t h e  ed g es)  and t h i s  p i l e - u p  g iv e s  r i s e  t o  a  b a r r e l - s h a p e d  
i n d e n t a t i o n .  I f  th e  c o ld -w o rk in g  c a p a c i t y  i s  h ig h  (c  > 1 ) ,  a s  i s  th e  
c a s e  w ith  an a n n e a le d  m e t a l ,  m a t e r i a l  a d j a c e n t  t o  t h e  i n d e n t e r  f a c e s  
becomes m arked ly  w ork -hardened  r e l a t i v e  t o  th e  undeform ed m e ta l  f u r t h e r  
away. I t  i s  t h u s  d ragged  down w i th  th e  i n d e n t e r  i n t o  th e  m e ta l  r e s u l t i n g  
i n  a  p in c u s h io n  i n d e n t a t i o n  shape  accom panied by m a t e r i a l  s i n k i n g - i n .  I t  
sh o u ld  be n o t e d ,  how ever, t h a t  t h e  s i t u a t i o n  i s  n o t  a lw ays t h i s  
w e l l - d e f i n e d .  I t  i s  q u i t e  p o s s i b l e  t o  have a w ork -hardened  specim en 
c r e a t i n g  a  p i l e - u p  o f  m a t e r i a l  round  th e  i n d e n t a t i o n  which s u b s e q u e n t ly  
r e c o v e r s  on rem oval o f  t h e  i n d e n t e r  to  l e a v e  a concave  im p r e s s io n .
Nor i s  th e  s i t u a t i o n  so  s t r a i g h t f o r w a r d  when c o n s id e r in g  s i n g l e  
c r y s t a l s ,  s i n c e  t h e r e  i s  p l a s t i c  f lo w  o n ly  a lo n g  c e r t a i n  s l i p  p la n e s  and 
i t  i s  t h e r e f o r e  a n i s o t r o p i c .  An o f t e n  qu o ted  example i s  th e  (100) f a c e  
o f  ro c k  s a l t  where a p in c u s h io n  i n d e n t a t i o n  i s  formed f o r  one 
o r i e n t a t i o n  o f  th e  i n d e n t e r  w h i l s t  i t  i s  b a r r e l - s h a p e d  i f  th e  i n d e n t e r  
i s  r o t a t e d  th ro u g h  4 5° .  T h is  i s  becau se  t h e  ro c k  s a l t  f low s more e a s i l y  
i n  one d i r e c t i o n  w h a te v er  t h e  i n d e n t e r  o r i e n t a t i o n .  M e ta l l i c  s i n g l e  
c r y s t a l s  a l s o  o f t e n  behave in  t h i s  manner a s  d i s c u s s e d  f o r  exam ple, by 
Bttckle (1959) and T o lansky  and N ioko ls  (1949) who show t h a t  an 
im p re s s io n  i n  t i n  can have  two s i d e s  convex and two s i d e s  concave due to  
m a t e r i a l  p i l e d - u p  and s u n k e n - in  on th e  r e s p e c t i v e  o p p o s i t e  s i d e s .
8 . 5 . 2  L a t e r  work on d e p th  m easurem ent
I t  was u n d o u b te d ly  due t o  a co m b in a t io n  o f  a l l  t h e  d i f f i c u l t i e s  
p r e v i o u s ly  d i s c u s s e d  t h a t  fo l lo w in g  th e  work o f  Woxen t h i s  f i e l d  o f  
r e s e a r c h  was r e l a t i v e l y  n e g le c t e d  f o r  th e  n e x t  t h i r t y  y e a r s .  The most 
im p o r ta n t  f a c t o r  was p r o b a b ly  t h a t  a t  t h i s  t im e  t h e r e  r e a l l y  was l i t t l e
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need t o  p roduce  i n d e n t a t i o n s  to o  sm a l l  to  measure a c c u r a t e l y  u s in g  
t e c h n iq u e s  o f  o p t i c a l  m ic ro so o p y .  P a l a t n i k  and G ladk ikh  (1964) perfo rm ed  
some work on e v a p o ra te d  m e ta l  f i l m s  u s in g  lo a d s  betw een 2 g f  and 200 g f  
b u t  even so r e q u i r e d  r e l a t i v e l y  t h i c k  f i lm s  (20 pm t o  300 pm) so t h a t  
t h e  i n d e n t a t i o n  was u n a f f e c t e d  by th e  s u b s t r a t e .
B erd ikov  e t  a l  (1980) d e s c r ib e d  an a t ta c h m e n t  t o  t h e  w e ll-docum en ted  
R u ss ian  PMT 3 t e s t e r  so  t h a t  i n d e n t a t i o n  d e p th  co u ld  be m o n i to re d .  Th is  
c o n s i s t e d  o f  a s p r i n g - a c t u a t e d  c o n t a c t  com para to r  (w i th  g r a d u a t io n s  o f
0 .1  pm) t o  which th e  i n d e n t e r  was a t t a c h e d  by two weak s p r in g  s t r i p s .
These p ro v id e d  a p r e l i m i n a r y  lo a d  o f  a p p ro x im a te ly  2 mgf on lo w e rin g  th e  
i n d e n t e r  on to  th e  s u r f a c e ;  th e n  th e  m ajor lo a d  was a p p l i e d  (by lo w e r in g  
w e ig h ts  on t o  t h e  i n d e n t e r )  a f t e r  which th e  i n d e n t a t i o n  d e p th  ( re c o v e re d  
o r  u n re c o v e re d )  oou ld  be r e a d  from th e  c o m p a ra to r .  However, once a g a in  
t h i s  was n o t  s u i t a b l e  f o r  work o f  th e  h i g h e s t  a c c u ra c y  on v e ry  t h i n  
f i l m s .  G a s i l i n  e t  a l  (1978) went one s t e p  f u r t h e r  by c o n s t r u c t i n g  a 
d e v ic e  f o r  r e c o r d in g  th e  i n d e n t a t i o n  g raph  ( lo a d  a s  a  f u n c t i o n  o f  
p e n e t r a t i o n  d e p th )  o f  t h e  PMT 3 i n s t r u m e n t ,  and some r e s u l t s  a r e  
p r e s e n t e d  i n  a  p a p e r  by G a s i l i n  and Kunchenko ( 1 9 8 0 ) .  P a u la v i c iu s  
e t  a l  (1981) used  a s i m i l a r  d e v ic e  in  which th e  bend ing  o f  th e  lo a d in g  
s p r i n g s  and th e  movement o f  t h e  i n d e n t e r  were r e g u l a t e d  by i n d u c t i v e  
d i f f e r e n t i a l  t r a n s d u c e r s ,  b u t  t h i s  was used to  s tu d y  p l a s t i c s .
8 .6  ULTRA-MICROHARDNESS
S in c e  th e  mid 1970’s c o n s id e r a b l e  i n t e r e s t  has  been d e v e lo p in g  in  
t e s t i n g  th e  m ech an ica l  p r o p e r t i e s ,  and in  p a r t i c u l a r  th e  h a r d n e s s ,  o f  
c o a t i n g s  and s u r f a c e  l a y e r s .  T h is  reg im e ,  where lo a d s  below 1 g f  a r e  
f r e q u e n t l y  employed, i s  o f t e n  term ed  u l t r a - m ic r o h a r d n e s s  o r  in  some 
c i r c l e s  ’n a n o h a rd n e s s ’ . Gane (1970) s tu d i e d  th e  h a rd n e s s  o f  ’ p e r f e c t ’ 
s i n g l e  c r y s t a l s  o f  g o ld  which were e l e o t r o p o l i s h e d  th e n  a n n e a le d  and 
c o u l d ‘have no o x id e  l a y e r  on th e  s u r f a c e .  The i n d e n t e r  used  was a f i n e  
c o n i c a l  t u n g s te n  o r  t i t a n i u m  c a r b i d e  t i p  w i th  a r a d i u s  o f  some 100 nm. 
I t  was s u p p o r te d  on a g a lv a n o m ete r  movement so t h a t  l o a d s  between 0 .5  g f
and 0 .1  mgf co u ld  be a p p l i e d  by v a ry in g  th e  c u r r e n t ,  and th e  whole
a p p a r a tu s  was mounted i n s i d e  a s c a n n in g  e l e c t r o n  m ic ro sco p e  so  t h a t  th e  
i n d e n t a t i o n  p r o c e s s  co u ld  be o b se rv e d  in  r e a l  t im e ;  in d e e d ,  th e  low er 
lo a d  l i m i t  was imposed by v i b r a t i o n  i n  th e  m ic roscope  column. The o b j e c t  
o f  th e  e x p e r im e n t  was t o  i n v e s t i g a t e  t h e  th e o r y  t h a t  a c r y s t a l  f r e e  from 
d i s l o c a t i o n s  s h o u ld  p o s s e s s  a h a rd n e s s  10 to  100 t im e s  g r e a t e r  th a n  a
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p u re  s i n g l e  c r y s t a l  c o n ta i n in g  d i s l o c a t i o n s .  A lthough e v id e n c e  o f  t h i s  
was o b s e rv e d ,  i t  was found t o  depend on th e  absence  o f  any s u r f a c e  f i l m  
on th e  specim en (from  vapou r  p o l y m e r i z a t i o n ) .  I f  a  V ic k e rs  ( o r  o t h e r  
s h a r p l y  p o in te d )  i n d e n t e r  were t o  be u s e d ,  how ever, th e  i n i t i a l  c o n ta c t  
s t r e s s e s  b e fo r e  y i e l d i n g  commenced would g e n e ra te  d i s l o c a t i o n s  even in  
p e r f e c t  c r y s t a l s  so th e  q u e s t io n  i s  somewhat a c a d e m ic . '
The b e s t  work i n  t h i s  f i e l d  t o  d a te  h a s  p ro b a b ly  been c a r r i e d  o u t  i n  
J a p a n .  F o llow ing  on from th e  u l t r a  m ic r o s c r a t c h in g  h a rd n e s s  t e s t e r  
deve loped  by Id a  (1 9 6 4 ) ,  N i s h ib o r i  and K in o s i t a  (1978) d e s ig n e d  a 
m achine c a p a b le  o f  t e s t i n g  th e  h a rd n e s s  o f  c o a t i n g s  t h i c k e r  th a n  a few 
t e n s  o f  nanom etres  u s in g  a t r i a n g u l a r  based  diamond p y ram id a l  i n d e n t e r  
w i th  a t i p  r a d i u s  o f  120 nm and apex a n g le  100°. The i n d e n t a t i o n  d e p th  
co u ld  be d e te rm in e d  t o  +_ 10 nm f o r  any lo ad  betw een 1 mgf and 100 mgf. 
I t  sh o u ld  be n o te d ,  however, t h a t  th e  specim ens t e s t e d  were v e ry  s o f t  
f i l m s  (eg  s i l v e r ,  g o ld  and c o p p e r ,  a l l  h av in g  a c o n v e n t io n a l  V ic k e rs  
h a rd n e s s  below 50) which meant t h a t  t h e  d e p th s  b e in g  re c o rd e d  were o f t e n  
a s  much a s  1 jam d e s p i t e  th e  t i n y  l o a d s .
The b a s i s  o f  o p e r a t i o n  o f  t h e i r  m achine was a s  f o l l o w s :  one arm o f  a 
v e ry  l i g h t  beam (whose p i v o t  was e s s e n t i a l l y  f r i c t i o n l e s s )  r e s t e d  on to p  
o f  t h e  i n d e n t e r  which was h e ld  by one arm o f  a s t r a i n  gauge . A lo ad  was 
th e n  a p p l i e d  t o  th e  beam ( d i r e c t l y  above th e  i n d e n t e r )  by th e  p o i n t e r  o f  
a d ’A rsonva l  m e te r  th ro u g h  which c u r r e n t  was a l lo w e d  t o  p a s s ,  c a u s in g  
th e  i n d e n t e r  t o  be d i s p l a c e d  downwards. The whole mechanism was th e n  
low ered  tow ards  th e  t e s t  specim en by a h y d r a u l i c  p i s t o n  sys tem  
( d i s p l a c e d  by a m ic ro m e te r  h e a d ,  b u t  reduced  by a f a c t o r  o f  700 a l lo w in g  
th e  p i s t o n  t o  be c o n t r o l l e d  t o  ■+ 10 nm). A f te r  th e  i n d e n t e r  had 
p e n e t r a t e d  th e  specim en s u r f a c e ,  th e  system  was f u r t h e r  low ered  u n t i l  
t h e  i n d e n t e r  was r e s t o r e d  t o  i t s  o r i g i n a l  (u n lo ad ed )  p o s i t i o n  by 
u p t h r u s t  from th e  sp ec im en .  The d i s t a n c e  moved by th e  beam on lo a d in g  
and r e s t o r i n g  th e  i n d e n t e r  th e n  a l lo w e d  th e  p e n e t r a t i o n  d e p th  t o  be 
c a l c u l a t e d .  T h is  d i s p la c e m e n t  c o u ld  be found by u s in g  th e  o th e r  end o f  
th e  beam (n o t  in  c o n t a c t  w i th  t h e  i n d e n t e r )  a s  a c a p a c i t a n c e  t r a n s d u c e r .  
T h is  was c a l i b r a t e d  i n t e r f e r o m e t r i c a l l y  by a r r a n g in g  f o r  th e  p l a t e s  to  
be made from d i e l e c t r i c  c o a te d  o p t i c a l  f l a t s  on which alum inium  had been 
d e p o s i t e d  e x c e p t  f o r  a  c i r c l e  i n  th e  c e n t r e  which was th u s  f r e e  f o r  
i n t e r f e r o m e t r y .
More r e c e n t l y ,  Newey, W ilk in s  and P o l lo c k  (1982) have c o n s t r u c t e d  an
-  177 -
u l t r a - l o w - l o a d  p e n e t r a t i o n  h a rd n e s s  t e s t e r  used  t o  t r a n s f e r  lo a d s  below 
3 mN (30 mgf) w i th  a c la im e d  r e s o l u t i o n  o f  10 jaN. As w i th  th e  N i s h ib o r i  
m ach ine , a c o n t in u o u s  r e c o r d  o f  th e  i n d e n t e r  p e n e t r a t i o n  i s  p roduced  
w i th  d ep th  r e s o l u t i o n  b e in g  e s t i m a t e d  a s  5 nm. However, t h e s e  w orkers  
were more i n t e r e s t e d  i n  s tu d y in g  th e  p h y s i c a l  mechanisms in v o lv e d  i n  th e  
i n d e n t a t i o n  p r o c e s s  r a t h e r  th a n  o b t a i n in g  a h a rd n e s s  number a s  s u c h .  The 
i n d e n t e r  was a c t u a l l y  mounted h o r i z o n t a l l y  and i t s  d i s p la c e m e n t  m easured 
u s in g  a c a p a c i ta n o e  t r a n s d u c e r  a r ra n g e m e n t .  The most i n t e r e s t i n g  f e a t u r e  
was t h a t  th e  lo a d  was a p p l i e d  e l e c t r o s t a t i c a l l y  by i n c r e a s i n g  th e  
p o t e n t i a l  a c r o s s  a p a i r  o f  p a r a l l e l  p l a t e s  between which was l o c a t e d  a 
c i r c u l a r  p l a t e  a t t a c h e d  t o  th e  o p p o s i t e  end o f  t h e  beam h o ld in g  th e  
i n d e n t e r .  S ince  f o r c e  i s  p r o p o r t i o n a l  to  th e  s q u a re  o f  v o l t a g e ,  i t  was 
c la im ed  t h a t  th e  f o r c e  s e n s i t i v i t y  i n c r e a s e d  w i th  d e c r e a s in g  lo a d .  
Although a V ic k e rs  i n d e n t e r  has  been u s e d ,  bo th  a B e rkov ich  and a 
t r i g o n a l  pyramid w ith  apex  a n g le  90°  have  been employed.
B an g e r t  e t  a l  (1980) have  r e c e n t l y  c o n s t r u c t e d  a new [ u l t r a ]  
m ic r o -h a rd n e s s  t e s t e r  which w i l l  o p e r a t e  i n s i d e  t h e  chamber o f  a
s c a n n in g  e l e c t r o n  m ic ro scope  so  t h a t  t h e  i n d e n t a t i o n  can s u b s e q u e n t ly  be
2 Rexam ined. Loads betw een 10 N ( 1  g f )  and 5 x 10"3 N (5 mgf) can be
produced  by g e n e r a t i n g  an e le c t r o m a g n e t i c  f o r c e  which bends a doub le
l e a f  s p r i n g  a t  th e  end o f  w hich th e  i n d e n t e r  i s  m ounted. The f o r c e  i s
m easured u s in g  s t r a i n  gauges f i x e d  t o  th e  s p r i n g s  i n  t h e  r e g io n  o f
maximum bending  and th e  whole d e v ic e  can be t i l t e d  a l lo w in g  th e
i n d e n t a t i o n  p r o c e s s  t o  be o b se rv e d  i n  r e a l  t im e .  I n d e n t a t i o n s  w ith
d i a g o n a l s  a s  s m a l l  a s  0 .5  jam ( o r  d e p th s  o f  t h e  o r d e r  o f  50 nm) can be
produced  u s in g  t h i s  a p p a r a t u s ,  t h e  l i m i t i n g  f a c t o r  b e in g  th e  t i p  r a d i u s
o f  t h e  V ic k e rs  i n d e n t e r  which i s  s a i d  t o  be l e s s  th a n  200 nm. I t  i s  a l s o
c la im e d  t h a t  m ic ro h a rd n e ss  m easurem ents  a t  th e  lo w e s t  lo a d s  c a n ,  a s  y e t ,
be r e s o lv e d  w ith  o n ly  202 a c c u r a c y .
8 .7  DEPTH MEASUREMENT AT NPL
Some p r e l i m i n a r y  e x p e r im e n ts  have r e c e n t l y  been perfo rm ed  a t  NPL to  
i n v e s t i g a t e  th e  c a l c u l a t i o n  o f  m ic r o - i n d e n t a t i o n  h a rd n e s s  by d ep th  
m easurem ent. In  o r d e r  t o  o b t a i n  a s im u l ta n e o u s  r e c o r d  o f  i n d e n t e r  
p e n e t r a t i o n  and lo a d  t r a n s f e r  t o  t h e  b lo c k ,  a  c a p a c i t a n c e  t r a n s d u c e r  
m o n ito re d  th e  d i s p la c e m e n t  o f  one end o f  th e  beam w h i l s t  a  s t r a i n  gauge 
a t t a c h e d  t o  th e  o t h e r  end o f  t h e  beam was used  t o  m o n i to r  a p p l i e d  l o a d .  
The e l e c t r i c a l  o u t p u t s  from b o th  t h e s e  d e v ic e s  were fed  i n t o  a  t r a n s i e n t
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r e c o r d e r  so  t h a t  t h e  p r o c e s s  c o u ld  be ’ r e p l a y e d 1 on a c h a r t  r e c o r d e r  o r  
o s c i l l o s c o p e  r a t h e r  th a n  b e in g  o b se rv e d  in  r e a l  t im e .  The a p p a ra tu s  has  
n o t ,  a s  y e t ,  b e e n ’ d e v e lo p e d  t o  a s t a g e  where m ea n in g fu l  r e s u l t s  can be 
o b t a i n e d .  In  i t s  p r e s e n t  fo rm , i t  i s  s im p ly  a d e v ic e  f o r  a s s e s s i n g  some 
o f  t h e  prob lem s i n h e r e n t  i n  d e p th  m easurement t e c h n i q u e s .  I n d e e d ,  
p r e l i m i n a r y  r e s u l t s  s u g g e s t  t h a t  th e  f i r s t  problem  to  overcome i s  one o f  
r i g i d i t y .  I f  th e  i n d e n t e r  p e n e t r a t e s  th e  specim en by no more th a n  one o r  
two m ic ro m e tre s ,  t h e  s t a g e  on w hich i t  i s  mounted must n o t  be a l lo w e d  to  
f l e x  by more th a n  a s m a l l  f r a c t i o n  o f  t h i s  d i s t a n c e  -  a  v e ry  s t r i n g e n t  
c o n s t r a i n t .
8 .8  OTHER USES OF INDENTATION DEPTH MEASUREMENT
N orm ally , i n d e n t a t i o n  h a rd n e s s  t e s t i n g  c o n c e rn s  t h e  r e s i s t a n c e  o f  a 
m a t e r i a l  t o  perm anen t o r  p l a s t i c  d e fo r m a t io n .  T h is  has  l i t t l e  r e l e v a n c e  
t o  a s u b s ta n c e  such  a s  ru b b e r  whose e l a s t i c  p r o p e r t i e s  a r e  o f  prim e 
im p o r ta n c e .  For such  n o n - m e t a l l i c  m a t e r i a l s  i t  i s  u s u a l  t o  m easure  th e  
u n re c o v e re d  i n d e n t a t i o n  a r e a  unde r  lo a d  ( e i t h e r  from th e  i n d e n t a t i o n  
d ia g o n a l  o r  from i t s  d e p t h ) .  E y e re r  (1978) has  w r i t t e n  a v e ry  f u l l  
re v ie w  a r t i c l e  on t h e  s u b j e c t  o f  ' lo w  lo a d  i n d e n t a t i o n  t e s t i n g  o f  non 
m e t a l l i c  m a t e r i a l s ’ w i th  76 r e f e r e n c e s .  To i l l u s t r a t e  th e  r an g e  o f
m a t e r i a l s  and a p p l i c a t i o n s  c o v e re d ,  ’n o n - m e t a l l i c s '  i s  s u b d iv id e d  i n t o  
f o u r  c a t e g o r i e s  a s  f o l l o w s :
a) n a t u r a l  i n o r g a n i c  m a t e r i a l s ,  eg c o a l  (m in in g ) ,  g r a p h i t e  ( r e a c t o r  
t e c h n o lo g y ) ,  a s b e s t o s  ( g a s k e t  m a n u f a c tu r e ) ,  m in e r a l s  ( p h y s ic s  and
m in i n g ) .
b) s y n t h e t i c  i n o r g a n i c  m a t e r i a l s ,  eg c e ra m ic s  ( c o a r s e ,  f i n e  and e n a m e l) ,  
g l a s s  and g l a z e s ,  c o n c r e te  and cement ( b u i l d i n g ) .
c) n a t u r a l  o r g a n ic  m a t e r i a l s ,  eg wood and c h ip b o a rd  ( f u r n i t u r e  
i n d u s t r y ) .
d) s y n t h e t i c  o r g a n ic  m a t e r i a l s ,  eg t h e r m o p l a s t i c s ,  e l a s t o m e r s ,  c o a t i n g s  
( s u r f a c e  t r e a t m e n t ) ,  f i b r e s  ( t e x t i l e  m an u fa c tu re )  and t a b l e t s
( p h a r m a c e u t i c a l s ) .
E y e re r  a l s o  t r a c e d  th e  deve lopm ent o f  i n t e r e s t  in  non m e t a l l i c s  by 
a n a ly s in g  th e  c o n te n t s  o f  some 600 p a p e rs  w r i t t e n  on low lo ad  and
m i c r o - i n d e n t a t i o n  t e s t i n g .  By p l o t t i n g  th e  number o f  p a p e rs  a g a i n s t  t im e  
( s e e  F ig u re  47) he was a b l e  t o  show t h a t  up to  t h e  mid 1970’s an a lm o s t  
e q u a l  number had been w r i t t e n  on m e t a l l i c s  and n o n - m e t a l l i c s .
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T i m e
Fig.  4 7  Number  of p u b l i c a t i o n s  on l o w - l o a d  a n d
m i c r o - i n d e n t a t i o n  h a r d n e s s  t e s t i n g  in d i f ferent  
f i e l d s  of  e n g i n e e r i n g  during t h e  l a s t  4 0  y e a r s  
( a f t e r  E y e r e r )
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F u r th e rm o re ,  by s u b d iv id in g  th e  n o n - m e ta l l i o  p a p e rs  i n t o  t h r e e  
c a t e g o r i e s :  m in e r a l s ,  g l a s s  and c e ra m ic s ;  p l a s t i c s ;  c o a t i n g s ,  he was 
a b l e  t o  show, f o r  i n s t a n c e ,  t h a t  m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t i n g  o f  
p l a s t i c s  d id  n o t  d e v e lo p  u n t i l  a b o u t  t e n  y e a r s  a f t e r  i n t e r e s t  had been 
shown i n  th e  f i r s t  c a t e g o r y .  He a t t r i b u t e d  t h i s  d e la y  t o  th e  f a c t  t h a t  
s p e c i a l  m achines and t e c h n iq u e s  were r e q u i r e d  f o r  such  t e s t s  (w hereas  
m in e r a l s ,  g l a s s  and c e ra m ic s  c o u ld  be t e s t e d  u s in g  m ach ines  d e s ig n e d  f o r  
m e ta l s )  r a t h e r  th a n  any i n t r i n s i c  l a c k  o f  i n t e r e s t  i n  p l a s t i c s  p r i o r  to  
t h i s .  Appendix 4 g iv e s  some d e t a i l s  o f  th e  methods used  t o  t e s t  
n o n - m e t a l l i c s ,  i n  p a r t i c u l a r  ru b b e r  and p l a s t i c s .
8 .9  INDENTATION RECOVERY
Because o f  t h e  ten d e n c y  o f  a wide ran g e  o f  m a t e r i a l s  to  d i s p l a y  
c o n s id e r a b l e  e l a s t i c i t y ,  i t  i s  n o t  o n ly  th e  r e c o v e re d  o r  u n re c o v e re d  
i n d e n t a t i o n  s i z e  t h a t  i s  im p o r ta n t  b u t  th e  manner i n  which r e c o v e ry  
t a k e s  p l a c e .  F ig u re  48 shows g ra p h s  o f  p e n e t r a t i o n  d e p th  w ith  t im e  t o  
i l l u s t r a t e  th e  r a n g e  o f  r h e o l o g i c a l  s t a t e  e n c o u n te re d  in  p r a c t i c e .
(a )  i s  a p l a s t i c  f i l m  which shows no r e c o v e ry  when th e  lo a d  i s  removed.
(b) i s  a ru b b e ry  f i l m  which shows r a p id  and com plete  r e c o v e r y .
(c )  i s  a v i s c o - e l a s t i c  f i l m  which shows t h a t  th e  d e fo rm a t io n  i s  v e ry  
much t im e - d e p e n d e n t , r e c o v e r y  n o t  b e in g  com ple ted  w i th in  th e  t im e  o f  
t h e  e x p e r im e n t .
(d) i s  a g l a s s y  f i l m  which shows l i t t l e  p e n e t r a t i o n  b u t  r a p i d  and 
com plete  r e c o v e ry  on rem oval o f  th e  lo a d .
F u r th e rm o re ,  a m ic ro h a r d n e s s  t e s t  i s  e s s e n t i a l  s i n c e  most o f  t h e s e  
m a t e r i a l s  have  a v e ry  low h a rd n e s s  ( a s  m entioned  in  Appendix 4 , a  p a i n t  
h a r d n e s s ,  HP, i s  c a l c u l a t e d  by m easu r ing  th e  V ic k e rs  h a rd n e s s  and 
m u l t i p l y in g  by 10) so v e ry  sm a l l  lo a d s  a r e  i n v a r i a b l y  employed.
As long  ago a s  1953, G ro d z in s k i  used  a TNO t e s t e r  (made by V erf  
I n s t i t u t , D e l f t )  f o r  t e s t i n g  p l a s t i c s .  H ere, th e  i n d e n t a t i o n  d e p th  was 
m o n ito re d  by a change i n  c a p a c i t a n c e  a s  th e  c o n ic a l  i n d e n t e r  h o ld e r  came 
c l o s e r  t o  a s t a t i c  c o n ic a l  o u t e r  c a s in g  d u r in g  th e  i n d e n t a t i o n  p r o c e s s .  
The i n d e n t e r  mechanism weighed o n ly  0 .5  g f ,  bu t  s u b s i d i a r y  lo a d s  o f  up 
t o  75 g f  co u ld  be a p p l i e d .  The W allace  m ic r o - i n d e n t a t i o n  h a rd n e s s  t e s t e r  
( a l s o  d e s c r ib e d  i n  Appendix 4) has  been used f o r  t e s t i n g  ru b b e r  and 
p a i n t  f o r  many y e a r s ;  b u t  i n  1965 Monk and W right d e s c r ib e d  ’a pneum atic
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m icro  i n d e n t a t i o n  a p p a r a tu s  f o r  m easu r ing  th e  h a rd n e s s  o f  p a i n t  
c o a t i n g s ’ . In d e e d ,  t h i s  a s p e c t  o f  m ic ro h a rd n e ss  t e s t i n g  has  r e c e iv e d  
r e l a t i v e l y  l i t t l e  a t t e n t i o n  d e s p i t e  i t s  c o n s id e r a b l e  im p o r tan ce  i n  
s tu d y in g  th e  a g e in g  and w e a th e r in g  c h a r a c t e r i s t i c s  and fundam en ta l  
r h e o l o g i c a l  s t a t e s  o f  such  m a t e r i a l s .  M orr is  (1970, 1973), T a y lo r  and
Kragh (1970) and P i t t s  (1970) a r e  among th e  few a u th o r s  t o  d i s c u s s  t h e s e  
e f f e c t s .
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The o v e r a l l  aim o f  t h i s  t h e s i s  h a s  been t o  make th e  r e a d e r  aware o f  
th e  many fu n d am e n ta l  p rob lem s a s s o c i a t e d  w ith  a m ic ro h a rd n e ss  t e s t  and 
t o  endeavour t o  q u a n t i f y  some o f  th e  m ajor  i n a c c u r a c i e s  i n h e r e n t  i n  th e  
p r o c e s s .  I t  i s  hoped t h a t  th e  work d e s c r ib e d  h e r e i n  may h e lp  to  improve 
th e  a c c u ra c y  w i th  which suoh t e s t s  can be perfo rm ed  t o  a s s i s t  i n d u s t r y  
i n  th e  UK improve th e  q u a l i t y  and c o n t r o l  o f  many d i v e r s e  p r o d u c t s  and 
hence  i t s  c o m p e t i t iv e n e s s  i n  w orld  m a rk e ts .  In  th e  a b sen c e  o f  a  t r u e  
B r i t i s h  S ta n d a rd  on th e  s u b j e c t ,  a r e p o r t  has  r e c e n t l y  been w r i t t e n  by 
Peggs and Leigh  (1983) recommending a p ro c e d u re  t o  be used  when 
p e r fo rm in g  a m ic ro h a rd n e ss  t e s t  making use  o f  th e  c o n c lu s io n s  drawn h e re  
and i n c l u d in g  f u r t h e r  g e n e r a l  a d v ic e  t o  u s e r s .  S in c e  o n ly  a l i m i t e d  
number o f  r e f e r e n c e s  h a s  been in c lu d e d  i n  t h i s  t h e s i s ,  th e  r e a d e r  i s  
r e f e r r e d  t o  a  b i b l i o g r a p h y  o f  m ic ro h a rd n e ss  t e s t i n g  com piled  by th e  
a u th o r  (L e ig h ,  1981) which c o n ta i n s  th e  t i t l e s  and r e f e r e n c e s  to  some 
900 p a p e rs  on th e  s u b j e c t .
In  t h e  c o n c lu s io n  t o  h i s  book o f  1956, Mott s t a t e s  t h a t  ' [ s i n c e ]  th e  
f i r s t  paper  on m i c r o - i n d e n t a t i o n  t e s t i n g  was p u b l i s h e d  l e s s  th a n  tw en ty  
y e a r s  ago , i t  i s  a p p a r e n t  t h a t  p r o g r e s s  i n  t h i s  f i e l d  h as  been f a r  from 
s l o w ' ;  u n f o r t u n a t e l y ,  t h i s  p r o g r e s s  has  n o t  been s u s t a i n e d  s i n c e .  A 
g r e a t  d e a l  more h a s  been p u b l i s h e d ,  b u t  few s i g n i f i c a n t  advances  have 
ta k e n  p la c e  t o  improve th e  a c c u r a c y  w i th  which th e  t e s t  i s  p e r fo rm e d ,  as  
can be gauged from th e  d e s ig n  o f  com m ercial m ic ro h a rd n e ss  m achines  which 
h a s  n o t  changed s i g n i f i c a n t l y  s in c e  t h a t  d a t e .  I n d e e d ,  r e s e a r c h  now 
a p p e a r s  t o  have f a l l e n  b eh in d  i n d u s t r i a l  n e e d s ;  t h e r e  i s  a d e s p e r a te  
need to  be a b le  t o  t e s t  t h i n  f i l m s ,  s u r f a c e  c o a t i n g s  and c e ra m ic s  which 
c u r r e n t  t e c h n o lo g y  i s  n o t  a b l e  to  s a t i s f y .
There  a r e  a number o f  draw backs t o  r e s e a r c h i n g  i n t o  m a t e r i a l s  t e s t i n g  
w hich may a c c o u n t  f o r  a  d e t a i l e d  s tu d y  o f  m ic ro h a rd n e ss  b e in g  long  
o v e rd u e .  I t  i s  n o t  g lam o ro u s ,  i t  i s  sometim es a c t i v e l y  d isc o u ra g e d  s in c e  
a d d i t i o n a l  s p e c i f i c a t i o n s  w i l l  i n e v i t a b l y  add t o  th e  c o s t  o f  t e s t i n g  and 
hence  i t  i s  l i t t l e  s u p p o r t e d .  I t  i s ,  however, v i t a l  t o  have in fo r m a t io n  
c o n c e rn in g  th e  m i c r o s t r u c t u r e  o f  m a t e r i a l s  i n  te rm s  o f  s l i p  p l a n e s ,  
d i s l o c a t i o n s ,  e t c  s i n c e  from t h i s  d e fo rm a t io n  mechanisms can be
C H A P T E R  9
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c h a r a c t e r i s e d , -  h ence  m ec h a n ic a l  p r o p e r t i e s  u n d e rs to o d  and u l t i m a t e l y  
pe rfo rm ance  p r e d i c t e d .  I t  would t h e r e f o r e  seem w o r th w h ile  to  d i r e c t  some 
e f f o r t  tow ards  im prov ing  th e -  t e s t  c o n d i t i o n s  s in c e  so much v a lu a b le  
in f o r m a t io n  can be o b ta in e d  i f  and o n ly  i f  th e  t e s t  i s  c a r e f u l l y  
c o n t r o l l e d .
In d e e d ,  so  f a r  a s  th e  f u t u r e  i s  c o n c e rn e d ,  h a rd n e s s  t e s t i n g  seems s e t  
t o  rem ain  an im p o r ta n t  method f o r  many y e a r s  to  come. A part  from diamond 
i n d e n t a t i o n  h a rd n e s s  t e s t s  t h e r e  i s  no o t h e r  i n t e r n a t i o n a l l y  r e c o g n i s e d  
m ec h a n ic a l  t e s t  which can be used  on such  a wide r a n g e  o f  m a t e r i a l s ,  
l a r g e l y  because  h a rd n e s s  t e s t i n g  e l i m i n a t e s  th e  p rob lem s o f  s t r e s s  a x i s  
a l ig n m e n t  t h a t  a r e  so im p o r ta n t  i n  t e n s i l e  o r  co m p ress io n  t e s t s .  When 
c o r r e c t l y  c o n t r o l l e d ,  many o t h e r  p h y s i c a l  p r o p e r t i e s  may be e v a lu a te d  
from th e  h a rd n e s s  d a t a ,  su c h  a s  y i e l d  s t r e s s ,  a c t i v a t i o n  e n e r g i e s  f o r  
s e l f  d i f f u s i o n ,  s l i p  sys tem  i d e n t i f i c a t i o n  and p o s s i b l y  t h e o r e t i c a l  
s h e a r  s t r e n g t h s .  Using a m ic ro h a rd n e ss  t e s t ,  anomalous r e s u l t s  due t o  
th e  e f f e c t  o f  s t r u c t u r a l  i r r e g u l a r i t i e s  such  a s  p o r e s ,  i n c l u s i o n s ,  g r a i n  
b o u n d a r ie s  e t c  may be a v o id e d  by a r e d u c t io n  in  th e  im p r e s s io n  s i z e .
H ardness  i s  a l s o  an i n c r e a s i n g l y  used  f i g u r e  i n  wear s t u d i e s ,  f o r  
i n s t a n c e ,  ( s e e  Zum Gahr and F i s c h e r ,  1981) and i s  in v o lv e d  i n  v a r io u s  
a s s o c i a t e d  t h e o r i e s ,  one im p o r ta n t  a p p l i c a t i o n  b e in g  th e  c o r r e l a t i o n  
betw een th e  l e n g t h  o f  c r a c k s  a t  th e  c o rn e r s -  o f  V ic k e rs  i n d e n t a t i o n s  and 
th e  f r a c t u r e  to u g h n e ss  o f  ce ra m ic  m a t e r i a l s  i n  which th e y  a r e  p ro d u ced ,  
a s  d i s c u s s e d  by M ajd ic  and Z i e g l e r  (1 9 8 0 ) .  G r ig o r ie v  (1982) has  w r i t t e n  
a p a p e r  c o n c e rn in g  m easurem ent o f  th e  p l a s t i c  and s t r e n g t h  p r o p e r t i e s  o f  
su p e rh a rd  m a t e r i a l s  by m ic r o - i n d e n t a t i o n  methods and Balakov and 
Konshina (1982) have  i n d i c a t e d  th e  im p o r tan ce  o f  m ic ro h a rd n e ss  t e s t i n g  
i n  t h e  r e l a t i v e l y  new a r e a  o f  d ia m o n d - l ik e  ca rb o n  f i l m s  which have 
enormous p o t e n t i a l  i n  a m u l t i t u d e  o f  s p h e r e s ,  i n  p a r t i c u l a r  f o r  
e x te n d in g  th e  l i f e  o f  m achine t o o l s .  However, th e  m ic ro h a rd n e ss  t e s t  
i t s e l f  i s  n o t  a s  y e t  s u f f i c i e n t l y  w e l l  d e f in e d  t o  y i e l d  th e  r e q u i r e d  
in f o r m a t io n .
In  o r d e r  t o  a c h ie v e  t h i s ,  new in s t r u m e n ts  w i l l  have to  be d e s ig n e d  
whose pe rfo rm ance  i s  w e l l  c h a r a c t e r i s e d ,  i n d e n t e r  p r o d u c t io n  w i l l  have 
to  be c l o s e l y  m o n ito re d  and e x a m in a t io n  te c h n iq u e s  deve loped  to  a l lo w  
th e  g e o m e t r i c a l  form i n  t h e  im m ediate  v i c i n i t y  o f  th e  t i p  to  be 
q u a n t i f i e d .  P roduc ing  i n d e n t e r s  w i th  a t i p  o f  th e  r e q u i r e d  a c c u r a te  
d im en s io n s  may b e n e f i t  from f a i r l y  r e c e n t  t e c h n iq u e s  o f  io n  s p u t t e r
185 -
m achin ing  a s  d e s c r i b e d  by Miyamoto and T an ig u ch i  (1 9 8 2 ) .  However, above 
a l l  c a r e  w i l l  have t o  be ta k e n  i n  t h e  a c c u r a t e  c a l i b r a t i o n  o f  th e  
m ic ro scope  sys tem  w ith  which m i c r o - i n d e n t a t i o n s  a r e  t o  be m easu red . 
A lthough  m easurem ent i s  c u r r e n t l y  based  on t e c h n iq u e s  o f  o p t i c a l
m ic ro sc o p y ,  t h e r e  a r e  many o t h e r  ty p e s  o f  m ic ro scope  which may y i e l d  
u s e f u l  i n f o r m a t io n .  The s c a n n in g  e l e c t r o n  m ic ro scope  has  a l r e a d y  been 
co v e red  i n  some d e t a i l , b u t  i t  i s  w orth  m en t io n in g  b o th  th e  s c an n in g  
o p t i c a l  and th e  s c a n n in g  a c o u s t i c  m ic ro sc o p e ,  n o t  n e c e s s a r i l y  in  
r e l a t i o n  t o  measurem ent b u t  f o r  d e r i v i n g  f u r t h e r  i n f o r m a t io n  abou t  t h r e e  
d im e n s io n a l  i n d e n t a t i o n  c h a r a c t e r i s t i c s  and d e fo rm a t io n  m echanism s.
Although th e  g r e a t e s t  s o u r c e s  o f  e r r o r  u n d o u b ted ly  l i e  i n  th e  p r o c e s s  
o f  i n d e n t a t i o n  m easurem ent, i t  i s  f e l t  t h a t  th e  t e c h n iq u e s  d eve loped  a t
NPL and d e s c r ib e d  h e r e i n  w i l l  h e lp  meet t h i s  n e e d .  I t  i s  th o u g h t ,
how ever, t h a t  th e  f u t u r e  o f  m ic ro h a rd n e ss  t e s t i n g  must l i e  i n  th e
measurem ent o f  i n d e n t a t i o n  d e p th  ( s t i l l  p roduced  u s in g  a p y ram id a l  
diamond i n d e n t e r ) .  T h is  w i l l  n e c e s s i t a t e  a m o d i f i c a t i o n  o f  th e  t e s t  
d e f i n i t i o n ,  b u t  i t  seems i n e v i t a b l e  s in c e  th e  u n c e r t a i n t i e s  i n t r o d u c e d  
by c u r r e n t  i n d e n t in g  m ach ines  f o r  t h e  p r o d u c t io n  o f  i n d e n t a t i o n s  and by 
u se  o f  o p t i c a l  m ic ro scopy  f o r  t h e i r  m easurement when s m a l le r  th a n  10 jam 
o r  even 20 jam a r e  p r o h i b i t i v e .
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a R obertson  R esearch
A p o r t a b l e  m ic ro h a rd n e ss  t e s t e r  m an u fac tu red  by R o b e r tso n  R esea rch  
i n c o r p o r a t e s  a  h a n d - r o t a t e d  m i l l i n g  o u t t e r  t o  p r o v id e  a sm a l l  f l a t  
m achined s u r f a c e  on th e  a r e a  unde r  t e s t .  A c o n ic a l  i n d e n t e r  o f  known 
h a rd n e s s  whose t i p  e x te n d s  a f i x e d  d i s t a n c e  beyond an a n n u la r  s to p  i s  
b ro u g h t  i n t o  c o n t a c t  w i th  t h i s  s u r f a c e .  A f o r c e  i s  a p p l i e d  th ro u g h  a 
s p r i n g - lo a d e d  d e v ic e  s u f f i c i e n t  t o  d r iv e  t h e  i n d e n t e r  a g a i n s t  th e  
s u r f a c e  u n t i l  t h i s  s h o u ld e r  comes i n t o  c o n ta c t  w i th  t h e  t e s t  p i e c e .  The 
r e s u l t i n g  d e fo rm a t io n  i n  l e n g t h  o f  th e  i n d e n t e r  cone i s  a  m easure o f  th e  
h a rd n e s s  o f  th e  t e s t  p i e c e ,  once a c a l i b r a t i o n  c u rv e  has  been o b t a i n e d .  
A d i a l  gauge i n d i c a t o r  i s  a l s o  i n c o r p o r a t e d  which i s  u sed  t o  m easure th e  
i n i t i a l  and f i n a l  l e n g t h s  o f  th e  i n d e n t e r  cone a c c u r a t e  t o  one t e n  
th o u s a n d th  o f  an i n c h .  S in c e  a new i n d e n t e r  cone i s  used  f o r  each  
h a rd n e s s  c h e ck ,  a  perm anent r e c o r d  i s  a v a i l a b l e  a f t e r  each  t e s t .
b Proceq  E quotip
A p o r t a b l e  r a ic ro h a rd n e s s  t e s t e r  m anu fac tu red  by" P ro c eq ,  c a l l e d  th e  
E q u o t ip  i s  based  on th e  p r i n c i p l e  o f  rebound h a r d n e s s .  The name 
’E q u o t ip ’ i n  f a c t  d e r i v e s  from th e  f a c t  t h a t  t h i s  i s  a dynamic method 
based  on th e  p r i n c i p l e  o f  en e rg y  m easurement (Energy Q u o t i e n t ) . An 
im pac t  body w e igh ing  5 .5  g w ith  a  3 mm d ia m e te r  s p h e r i c a l l y  shaped  
tu n g s t e n  c a r b i d e  t i p  p r o p e l l e d  by a s p r i n g  s t r i k e s  th e  t e s t  s u r f a c e  and 
rebounds  t h e r e f r o m .  The im p ac t  and rebound v e l o c i t i e s  a r e  m easured i n  a 
n o n - o o n ta c t in g  manner a t  th e  p r e c i s e  moment when th e  t e s t  t i p  i s  l o c a t e d  
( a p p ro x im a te ly )  1 mm from th e  t e s t  s u r f a c e .  Th is  i s  acco m p lish ed  by a 
perm anent magnet mounted i n  th e  im pac t  body which t r a v e l s  th ro u g h  a c o i l  
d u r in g  i t s  jo u rn e y  t o  t h e  s u r f a c e  and a g a in  on re b o u n d in g .  T h is  in d u c e s  
e l e c t r i c a l  v o l t a g e s  which a r e  p r o p o r t i o n a l  to  th e  fo rw ard  and r e t u r n  
v e l o c i t i e s  and from t h e s e  i s  d e r iv e d  a h a rd n e s s  v a lu e  term ed ’L ' .  T h is  
i s ,  i n  f a c t ,  one th o u sa n d  t im e s  th e  rebound v e l o c i t y  d iv id e d  by th e  
im p ac t  v e l o c i t y .  T h is  v a lu e  w i l l  i n c r e a s e  w ith  h a rd n e s s  ( a s  th e  rebound 
v e l o c i t y  i n c r e a s e s )  b u t  i s  a l s o  i n f l u e n c e d  by th e  modulus o f  e l a s t i c i t y .
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The fL f v a lu e  th u s  c o n s t i t u t e s  a  v a lu e  c h a r a c t e r i s t i c  o f  bo th  p l a s t i c  
and e l a s t i c  b e h a v io u r  o f  t h e  m a t e r i a l .  I t  can o n ly  be compared to  a 
l i m i t e d  e x t e n t  w i th  s t a t i c  i n d e n t a t i o n  h a rd n e s s  v a l u e s ,  b u t  by g ro u p in g  
d i f f e r e n t  ty p e s  o f  m e ta l s  i n  te rm s  o f  t h e i r  E -m odulus, a l l o y i n g  and 
t r e a tm e n t  i t  i s  p o s s i b l e  to  d e v e lo p  c o n v e r s io n  c u r v e s .
c W ells  K rau tk ram er  DHV10
A p o r t a b l e  m ic ro h a rd n e ss  t e s t e r  m an u fac tu red  by W ells  K rau tk ram er ,  
known a s  t h e  DHV10 i s  somewhat d i f f e r e n t .  An a l t e r n a t i n g  m agne tic  f i e l d  
c a u se s  a  m a g n e t o s t r i c t i v e  rod  t o  g e n e r a te  r e s o n a n t  o s c i l l a t i o n s  a t  a 
f re q u e n c y  o f  78 kHz. A V ic k e rs  diamond t i p  i s  f i t t e d  to  th e  low er end o f  
t h e  rod  and i t  i s  s lo w ly  p r e s s e d  i n t o  th e  t e s t  specim en under  a  c o n s t a n t  
s p r i n g  p r e s s u r e  p ro d u c in g  a s q u a re  p y ram id a l  i n d e n t a t i o n .  The t e s t i n g  
f o r c e  employed i s  s a i d  t o  be 8 .4  N (860 g f ) .  The s o f t e r  t h e  m a t e r i a l ,  
th e  l a r g e r  t h e  i n d e n t a t i o n  a r e a  and th e  g r e a t e r  t h e  change i n  th e  
r e s o n a n t  f re q u e n c y  o f  th e  o s c i l l a t i n g  r o d .  S in ce  t h e  f re q u e n c y  change i s  
d i r e c t l y  r e l a t e d  t o  t h e  i n d e n t a t i o n  s i z e ,  w i th  a c o n s t a n t  t e s t i n g  f o r c e  
t h i s  i s  r e l a t e d  d i r e c t l y  t o  th e  h a r d n e s s .  A m easure  o f  h a rd n e s s  under  
lo a d  i s  th u s  red u c e d  t o  a  m easurem ent o f  f re q u e n c y  change . T h is  t e s t i n g  
method i s  known a s  th e  'U C I1 ( u l t r a s o n i c  c o n ta c t  impedance) method.
d ESE Ltd
A p o r t a b l e  dynamic h a rd n e s s  t e s t e r  m an u fac tu red  by ESE L td .  c o n s i s t s  
o f  a  p i e z o - e l e c t r i c  c r y s t a l  b u i l t  i n t o  th e  s t r i k e r  o f  a p r e - d e te r m in e d  
mass suspended  by two p a r a l l e l  f l a t  l e a f  s p r i n g s  w i th  a  t u n g s t e n  c a r b id e  
b a l l  o r  diamond i n d e n t e r  a s  t h e  t i p .  The whole u n i t  i s  l i f t e d  t o  a 
s t a n d a r d  h e ig h t  and when r e l e a s e d  th e  i n d e n t e r  h i t s  th e  s u r f a c e  w i th  a 
p r e - d e te r m in e d  f o r c e .  The d e c e l e r a t i o n  f o r c e  p ro d u ce s  a  peak v o l t a g e  in  
t h e  p i e z o - e l e c t r i c  c r y s t a l  which i s  e l e c t r o n i c a l l y  p ro c e s s e d  and th e  
c o r re s p o n d in g  c a l c u l a t e d  h a rd n e s s  v a lu e  a p p e a r s  on a m e t e r .
/
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APPENDIX 2
MAXIMUM CALCULATED VICKERS AND KNOOP HARDNESS ERRORS 
DUE TO INDENTER FORM ( a f t e r  Wood e t  a l ,  1981)
G eom etric  p a ra m e te r T e s t in g
m achine
t o l e r a n c e
H ardness  
e r r o r  
(2 HV)
S ta n d a rd
m achine
t o l e r a n c e
H ardness  
e r r o r  
(2 HV)
a) Angle between 
o p p o s i t e  f a c e s 136° + 0 .3 ° -  0 .106 136° + 0 .1 ° -  0 .035
b) Angle between 
a d j a c e n t  f a c e s 9 0 °  + 0 .2 ° -  0 .0003 90 °  + 0 .2 ° -  0 .0003
c) Maximum r i d g e
l e n g t h ,  d ^  100 jam 0 .0 0 2  mm -  0 .040 0.0005  mm -  0,. 0025
T o ta l  a + b + c = -  0 .146 -  0 .038
d) Maximum r id g e  l e n g t h  
100 > d 25 jam 0 .0 0 2  mm -  0 .575 0 .0005  mm -  0 .036
T o ta l  a  + b + d = — 0.681 -  0.071
e) Maximum r id g e  l e n g t h  
25 > d X* 10 jam 0.001 mm -  0 .990 0.0005  mm -  0 .249
T o ta l  a + b + e = -  1.096 -  0 .284
G eom etric  p a ra m e te r T e s t in g
machine
t o l e r a n c e
Hardness  
e r r o r  
(2 HK)
S ta n d a rd
machine
t o l e r a n c e
H ardness  
e r r o r  
(2 HK)
a) Angle between 
o p p o s i t e  f a c e s 12 9 .5 °  + 0 .3 ° -  0 .124 1 2 9 .5 °  + 0 .1 ° -  0.041
b) Angle betw een 
a d j a c e n t  f a c e s
16° + 0 .2 °  
164° + 0 .2 ° -  1.267
16° + 0 .1 °  
164° + 0 .1 ° -  0 .633
c) Maximum r id g e  
l e n g t h ,  1 >/ 10 jam 0.001 mm -  0 .990 0 .0005  mm -  0 .249
T o t a l  a  + b + c = -  2 .381 -  0 .923
d) Maximum r id g e  
l e n g t h ,  1 = 25 jam 0.001 mm
•=r■=rr-oI 0 .0005  mm -  0 .036
T o ta l  a + b + d = -  1 .535 -  0 .7 1 0
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APPENDIX 3
DIFFERENTIAL INTERFERENCE CONTRAST THEORY
A doub le  beam i n t e r f e r e n c e  m ic ro sco p e  c a u se s  th e  i l l u m i n a t i n g  l i g h t
t o  be s p l i t  i n t o  two c o h e r e n t  beams, one o f  which ( t h e  m easu r ing  beam)
p a s s e s  th ro u g h  th e  sp ec im en ,  w h i l s t  th e  o t h e r  ( th e  r e f e r e n c e  beam) 
b y p a sse s  i t .  I f  t h e  l a t e r a l  s e p a r a t i o n  o f  t h e s e  two beams i s  o n ly  a few 
m ic ro m e tre s ,  i e  i t  i s  s l i g h t l y  s m a l l e r  th a n  th e  r e s o l v i n g  power o f  th e  
m ic ro sc o p e ,  we speak  o f  d i f f e r e n t i a l  s p l i t t i n g  o f  t h e  beams. ( In  t h i s  
s p e c i a l  c a s e ,  o f  c o u r s e ,  bo th  beams a c t u a l l y  p a s s  th ro u g h  th e  s p e c im en ) .  
To p roduce  i n t e r f e r e n c e  f r i n g e s ,  t h e  two beams a r e  recom bined . I f  th e
d i s t a n c e  between f r i n g e s  (and th u s  a l s o  t h e  w id th  o f  th e  f r i n g e s )  i s
made so  wide t h a t  one f r i n g e  c o v e rs  th e  e n t i r e  f i e l d  o f  v iew , we speak  
o f  an  i n f i n i t e  s p re a d in g  o f  t h a t  p a r t i c u l a r  i n t e r f e r e n c e  f r i n g e ,  o r  o f  
i n t e r f e r e n c e  c o n t r a s t .
A lthough  l a t e r a l  s p l i t t i n g  o f  t h e  beams i s  u s u a l l y  a c h ie v e d  by u se  o f  
a  b i r e f r i n g e n t  p la n e  p a r a l l e l  p l a t e ,  in  an i n t e r f e r e n c e  c o n t r a s t  
m ic ro scope  a W o lla s to n  p r ism  i s  u sed  i n s t e a d .  T h is  c o n s i s t s  o f  two 
b i r e f r i n g e n t  p r is m s  cemented t o g e t h e r  w i th  t h e i r  o p t i o  ax es  m u tu a l ly  
p e r p e n d i c u l a r ,  r e s u l t i n g  i n  an a n g u la r  beam s e p a r a t i o n .  T h is  i s  b e s t  
e x p la in e d  by means o f  a d iag ram  ( s e e  F ig u re  1 ) .
The d i f f e r e n t i a l  c o n t r a s t  method o f  i l l u m i n a t i o n  i n  a m ic roscope  i s  
th u s  produced  a s  f o l l o w s :  u n p o l a r i s e d  l i g h t  from th e  f i e l d  d iaphragm  
p a s s e s  th ro u g h  a p o l a r i s e r  and e n c o u n te r s  th e  W o lla s to n  p r ism .  The two 
d i v e r g in g  em ergen t beams a r e  c o l l im a te d  by a co n d e n se r  so  th e y  r e a c h  th e  
specim en  a s  p a r a l l e l  beams, s l i g h t l y  l a t e r a l l y  s e p a r a t e d .  A f te r  
c o l l e c t i o n  by th e  o b j e c t i v e ,  th e y  t r a v e l  th ro u g h  a second W o lla s to n  
p r ism  which recom bines  th e  beams; however, th e y  a r e  s t i l l  p la n e  
p o l a r i s e d  i n  m u tu a l ly  p e r p e n d i c u l a r  d i r e c t i o n s .  To p roduce  a s i n g l e  
p la n e  p o l a r i s e d  wave c a p a b le  o f  i n t e r f e r e n c e ,  t h e r e f o r e ,  t h i s  beam i s  
p a s se d  th ro u g h  an a n a l y s e r  (90° o u t  o f  phase  w i th  th e  p o l a r i s e r ) . Such a 
sys tem  i s  i l l u s t r a t e d  d i a g r a m m a t ic a l ly  i n  F ig u re  2. When u s in g  a 
r e f l e c t e d  l i g h t  m ic ro sc o p e ,  o f  c o u r s e ,  o n ly  one W o lla s to n  p r ism  i s  
r e q u i r e d  ( se e  F ig u re  3 ) .
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Extraordinary Ordi nary
Optical  a x i s  p a r a l l e l  to i m a g e  
p l a n e
p e r p e n d i c u l a r  O to i m a g e  p l a n e  
V i b r a t i o n  p l a n e  of l i g h t  4 5 °  
r o t a t e d
p e r p e n d i c u l a r  — p a r a l l e l  -m -h-h- 
t o  i m a g e  p l a n e
Fig.  1 A n g u l a r  s p l i t t i n g  of  a  p l a n e  p o l a r i z e d  l i g h t  
w a v e  by a  W o l l a s t o n  p r i s m
A n a l y s e r  (135°)
W o l l a s t o n  p r i s m  
Ob j e c t  ive  
S p e c i m e n  
C o n d e n s e r
W o l l a s t o n  p r i s m  
P o l a r i z e r  ( 4 5 ° )
Fig. 2 Pr inciple  of t h e  twi n b e a m  i n t e r f e r e n c e  c o n t r a s t  
m i c r o s c o p e  w i t h  t w o  W o l l a s t o n  p r i s m s
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W h ils t  e x p la in in g  th e  t h e o r y  o f  o p e r a t i o n ,  i t  i s  found t h a t  c e r t a i n  
p r a c t i c a l  d i f f i c u l t i e s  a r i s e ;  p r i n c i p a l l y  t h a t  t h e  c e n t r a l  p la n e s  o f  th e  
W o lla s to n  p r ism s  ( i e  t h e  i n t e r f e r e n c e  p la n e )  must c o in c i d e  w ith  th e  
f o c a l  p la n e s  o f  t h e  l e n s e s .  To overcome t h i s ,  Nomarski deve loped  a
m o d if ie d  W o lla s to n  p r ism  i n  which th e  o p t i c  a x i s  o f  one wedge i s  
p a r a l l e l  t o  th e  wedge s i d e ,  w h i l s t  t h e  o p t i c  a x i s  o f  th e  o t h e r  wedge i s
a t  some a n g le  t o  th e  u p p e r  f a c e .  T h is  a l lo w s  th e  i n t e r f e r e n c e  p la n e  t o
c o in c i d e  w ith  t h e  f o c a l  p la n e  w h i l s t  l e t t i n g  t h e  p r ism  i t s e l f  be l o c a t e d  
a t  a c o n s id e r a b l e  d i s t a n c e  from the  l e n s  ( s e e  F ig u re  4 ) .
The f a m i l i a r  c o lo u r s  s e en  i n  a d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t
image make i t  a p p e a r  s i m i l a r  t o  an o b l iq u e ly  i l l u m i n a t e d  r e l i e f  so t h a t  
t h e  specim en seems t o  p o s s e s s  d i s t i n c t  h e ig h t  and d e p th  f e a t u r e s .  The 
i n t e r f e r e n c e  image depends a) on th e  m agnitude  o f  th e  l a t e r a l  wave 
s p l i t t i n g ,  A  and b) on th e  p a th  d i f f e r e n c e  between th e  two com ponents . 
The background c o lo u r  i n  t h e  a b sen c e  o f  an o b j e c t  i s  e n t i r e l y  due to  
p a th  d i f f e r e n c e s  o f  th e  w a v e f ro n t s .  When th e  b i r e f r i n g e n t  c r y s t a l  s p l i t s  
t h e  l i n e a r l y  p o l a r i s e d  wave i n t o  two p la n e  p o l a r i s e d  components ( th e  
o r d in a r y  and th e  e x t r a o r d i n a r y  wave) th e y  have d i f f e r e n t  r e f r a c t i v e  
i n d i c e s  and th u s  t r a v e l  a t  d i f f e r e n t  sp e e d s  th ro u g h  th e  c r y s t a l .  In  th e
s p e c i a l  c a s e  o f  a wave t r a v e l l i n g  th ro u g h  th e  c e n t r e  o f  a W o lla s ton
p r is m ,  th e s e  two w a v e f ro n ts  l e a v e  th e  p r ism  s im u l ta n e o u s ly  t r a v e l l i n g  a t  
th e  same speed  w i th  z e ro  p a th  d i f f e r e n c e  s in c e  th e y  have covered  
i d e n t i c a l  o p t i c a l  p a th  l e n g t h s .  However, i f  t h e  p r ism  i s  moved l a t e r a l l y
so  t h a t  t h e  beam does n o t  t r a v e l  th ro u g h  th e  c e n t r e ,  a p a th  d i f f e r e n c e
i s  in t r o d u c e d  betw een th e  two em ergen t beams. S in c e  th e  c o lo u re d  
components o f  w h ite  l i g h t  a r e  a l l  v i b r a t i n g  in  th e  same p la n e  (en su re d  
by th e  a n a ly s e r )  th e  i n t e n s i t y  r a t i o  o f  th e  d i f f e r e n t  c o lo u r s  v a r i e s  
w i th  o p t i c a l  p a th  d i f f e r e n c e  a s  i n t e r f e r e n c e  o c c u r s ,  so ev e ry  p a th  
d i f f e r e n c e  i s  a s s o c i a t e d  w i th  a  c h a r a c t e r i s t i c  i n t e r f e r e n c e  c o lo u r .  The 
background d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  c o lo u r  i s  t h e r e f o r e  
changed s im ply  by moving th e  p r ism  backwards o r  fo rw ard s  p e r p e n d ic u l a r  
t o  th e  beam ( s e e  F ig u re  5 ) .
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P o l a r i z e r A n a l y s e r
H a l f - s i l v e r e d  mirror
W o l l a s t o n  p r i s m
O b j e c t i v e
S p e c i m e n
Fig.  3 Twin b e a m  i n t e r f e r e n c e  m i c r o s c o p e  in r e f l e c t e d  
l i ght  u s i n g  o n e  W o l l a s t o n  p r i s m
Fig. 4  N o m a r s k i  p r i s m  w i t h  d i r e c t i o n  of o p t i c  a x e s  
a n d  p o s i t i o n  of i n t e r f e r e n c e  p l a n e  i n d i c a t e d
Fig .  5 W a v e f r o n t s  in a  W o l l a s t o n  p r i sm i l l u s t r a t i n g  h ow  
t h e  b a c k g r o u n d  c o l ou r  m a y  b e  a l t e r e d  by 
t r a n s l a t i n g  t h e  p r i s m
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Fig- 6 D ia g ra m i l l u s t r a t i n g  d i f f e r e n t i a l  i n t e r f e r e n c e  
p a t h  d i f f e r e n c e
d i r e c t i o n
I ndentat ion in z e r o  pos i t ion Indentat ion in 45°  pos i t i on
Fig. 7 D i a g r a m  i l l u s t r a t i n g  t he  d i f f e r e n t  i n t e r f e r e n c e  
c o l o u r s  within a n  i ndentat i on  o w i n g  to  i t s  
o r i e n t a t i o n
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The c o lo u r s  p roduced  when v iew ing  an i n d e n t a t i o n  under  DIC a r e  
a n a lo g o u s  t o  th o s e  p roduced  when v iew in g  an o p t i c a l l y  d e n s e r  medium in  
t r a n s m i t t e d  l i g h t .  However, w i th  opaque o b j e c t s  th e  s u r f a c e  r e l i e f  and 
th u s  th e  g e o m e t r i c a l  p a th  a s  w e l l  a s  th e  phase  r e t a r d a t i o n  due t o  
r e f l e c t i o n  o f  th e  wave from th e  o b j e c t  d e te rm in e  th e  shape  and m agn itude  
o f  th e  w a v e f ro n t  d e fo r m a t io n  ( s e e  F ig u re  6 ) .
The o b j e c t  p a th  d i f f e r e n c e  i s  t h e  p r o d u c t  o f  th e  beam d is p la c e m e n t ,  A
  Tfj
and th e  g r a d i e n t  o f  T (change  o f  p a th  d i f f e r e n c e  i n  x - d i r e c t i o n ) , — ;
i e  T = 2 A  t a n  a . ob j
The t o t a l  p a th  d i f f e r e n c e ,  T,' which i s  th e  sum o f  th e  o b j e c t  p a th  
d i f f e r e n c e ,  and th e  background p a th  d i f f e r e n c e ,  T^ i s  th e n  g iv en
by: T = 2 A  ta n  a + T— u
I t  i s  t h e r e f o r e  p o s s i b l e  t o  o b s e rv e  an i n d e n t a t i o n  in  th e  ways 
i l l u s t r a t e d  i n  F ig u re  7- C l e a r l y ,  o b j e c t  p a th  d i f f e r e n c e s ,  on ly
o c c u r  i f  th e  v e r t i c a l  p r o f i l e  v a r i e s  w i th  th e  s p l i t t i n g  d i r e c t i o n .  I t  
may th u s  be se en  how i n  oase  (a )  q u a d ra n t s  d i s p l a y  th e  background c o lo u r  
w hereas  i n  (b) none o f  t h e  q u a d r a n t s  d o e s .  A lthough i t  i s  t h e o r e t i c a l l y  
p o s s i b l e  t o  o b t a i n  i n f i n i t e  r e s o l u t i o n  by c o n t r a s t  ( s i n c e  a s  a  t e n d s  t o  
9 0 ° ,  t a n  a t e n d s  t o  i n f i n i t y )  background n o i s e  ( s t r a y  l i g h t ,  i n t e r n a l  
r e f l e c t i o n s  e t c )  l i m i t s  t h i s .  However, i t  i s  o f t e n  p o s s i b l e  t o  r e s o l v e  
h e ig h t  d i f f e r e n c e s  o f  l e s s  th a n  1 nm. With t h e  R e ic h e r t  P o ly v a r  Met 
m ic ro scope  used  th ro u g h o u t  t h i s  r e s e a r c h  work, th e  r e c o r d a b le  h e ig h t  
d i f f e r e n c e s  a r e  c la im e d  t o  be i n  t h e  ran g e  from 30 nm t o  a p p ro x im a te ly  
2 jam. A ph o to g rap h  o f  a V ic k e rs  m i c r o - i n d e n t a t i o n  o f  a p p ro x im a te ly  20 jim 
d ia g o n a l  l e n g t h  t a k e n  under DIC i l l u m i n a t i o n  i s  shown i n  F ig u re  8.
Fig .  8 D i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  p h o t o g r a p h  of 
a  2 0 p m  V i c k e r s  m i c r o - i n d e n t  a t  ion
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a Rubber h a rd n e s s
One o f  th e  f i r s t  i n s t r u m e n t s  t o  be deve loped  f o r  t e s t i n g  th e  h a rd n e s s  
o f  ru b b e r  was c a l l e d  th e  D uroraeter,  m an u fac tu red  by th e  Shore In s t ru m e n t  
and M a n u fa c tu r in g  Co. I n c .  A lthough  s t i l l  w id e ly  u s e d ,  th e  s c a l e  
o r i g i n a l l y  chosen  was a r b i t r a r y ,  and th e  r e s u l t s  e m p i r i c a l .  In  th e  l a t e  
1930s a more a c c u r a t e  i n s t r u m e n t  -was deve loped  by th e  B r i t i s h  Rubber 
M a n u fa c tu r e r s ’ R e se a rc h  A s s o c ia t io n  (now th e  Rubber and P l a s t i c s  
R esea rch  A s s o c ia t io n  o f  G re a t  B r i t a i n ) . T h is  RABRM in s t r u m e n t  r e a d  on a 
s c a l e  o f  ’BS d e g r e e s ’ ; b u t  i t  was l a t e r  improved and r e c o g n i s e d  
i n t e r n a t i o n a l l y  t o  become th e  IRHD ( I n t e r n a t i o n a l  Rubber H ardness  
D egrees)  s c a l e .  For a l l  p r a c t i c a l  p u r p o s e s ,  th e  American Durom eter 
(Shore)  ’A’ s c a l e  i s  e q u i v a l e n t  to  th e  IRHD s c a l e .
The m achines  used  t o  t e s t  r u b b e r  h a rd n e s s  a r e  s i m i l a r  t o  th o s e  used  
f o r  c o n v e n t io n a l  h a rd n e s s  t e s t i n g .  There  a r e  p o r t a b l e  t e s t e r s  w i th  
s p r i n g  lo ad e d  i n d e n t e r s  and b e n c h - ty p e  deadw eigh t m ach in es .  Both m easure 
th e  i n d e n t e r  p e n e t r a t i o n  d e p th  i n t o  th e  specim en under  a  g iv en  lo a d .  
J u s t  a s  m e ta l  c a l i b r a t i o n  b lo c k s  a r e  a v a i l a b l e  to  check  th e  pe rfo rm ance  
o f  a c o n v e n t io n a l  t e s t e r ,  so  ru b b e r  t e s t  b lo ck s  may a l s o  be p u rch a se d ;  
t h e s e  do, however, s u f f e r  from th e  d i s a d v a n ta g e  t h a t  th e y  te n d  t o  ha rden  
w i th  a g e .
The use  o f  b o th  p o r t a b l e  and b e n c h - ty p e  t e s t e r s  i s  cove red  by B r i t i s h  
S ta n d a rd s  (BS 2719 and BS 903 p a r t  A26 r e s p e c t i v e l y )  and th e  S ta n d a rd  
Rubber H ardness T e s t  i s  d iv id e d  i n t o  f i v e  g ro u p s :  N, no rm a l;  H, h ig h ;  
L, low; M, m i c r o t e s t ;  CN, CH, CL, CM c o v e r in g  cu rved  s u r f a c e s  i n  th e  
p r e v io u s  f o u r  g ro u p s .  The t e s t  i t s e l f  i s  v e ry  s i m i l a r  t o  a Rockwell 
t e s t .  The specim en i s  h e ld  by a f l a t  f o o t  w i th  a h o le  i n  i t  th ro u g h  
which th e  i n d e n t e r  i s  b ro u g h t  i n t o  c o n ta c t  w ith  t h e  ru b b e r  under a sm a l l  
p r e l i m i n a r y  l o a d .  The d e p th  gauge i s  z e ro e d ,  t h e  m ajor lo ad  i s  th e n  
a p p l i e d  and a f t e r  30 se co n d s  t h e  d e p th  i s  r e a d  o f f  th e  d i a l  gauge . The 
t im e  i n t e r v a l  i s  o f  c o n s i d e r a b l e  im p o r ta n c e ,  s i n c e  some m a t e r i a l s  w i l l  
e x h i b i t  a lm os t  i n d e f i n i t e  c r e e p .
APPENDIX 4
RUBBER AND PAINT HARDNESS TESTING
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In  o r d e r  t o  t e s t  s m a l l  components and v e ry  t h i n  s h e e t  m a t e r i a l ,  a 
m ic r o -h a rd n e s s  t e s t e r  was e v e n t u a l l y  r e q u i r e d .  A m a c r o - t e s t e r  cou ld  n o t  
be u sed  s in c e  t h e  l a r g e  t e s t  b lo c k s  r e q u i r e d  d id  n o t  behave in  th e  same 
way a s  th e  components when made from th e  same m a t e r i a l .  The 
m ic ro h a rd n e ss  m achines  used  f o r  t e s t i n g  ru b b e r  work i n  e x a c t l y  th e  same 
way, b u t  employ s m a l l e r  lo a d s  and i n d e n t e r s  and more s o p h i s t i c a t e d  
methods o f  d e p th  m easurem ent, a l lo w in g  r e a d in g s  a s  s m a l l  a s  5 j i in  
(0 .1 3  jam) t o  be t a k e n .  To a id  t h i s ,  t h e  s t a g e  h o ld in g  th e  specim en i s  
som etim es i t s e l f  r a i s e d  t o  th e  z e ro  p o i n t  r a t h e r  th a n  m easu r ing  th e  f a l l  
o f  t h e  i n d e n t e r .
The ru b b e r  m ic ro h a rd n e ss  t e s t  p roposed  by ISO ( th e  I n t e r n a t i o n a l  
S ta n d a rd s  O r g a n iz a t io n )  u s e s  a  0 .395  mm d ia m e te r  b a l l  i n d e n t e r ,  a 
p r im a ry  lo a d  o f  8 .3  mN a p p l i e d  f o r  5 seconds  and a s e c o n d a ry  lo a d  o f  
145 mN a p p l i e d  f o r  30 se co n d s  t o  g iv e  a v a lu e  on th e  IRHD s c a l e .  When 
t e s t i n g  p l a s t i c s ,  a  V ic k e rs  pyram id i s  used  a s  i n d e n t e r ,  t h e  p r im a ry  
lo a d  b e in g  10 mN and th e  se c o n d a ry  3000 mN. For p a i n t  and p r o t e c t i v e  
c o a t i n g s ,  e i t h e r  ty p e  o f  i n d e n t e r  i s  a p p l i c a b l e .  The p r im a ry  lo ad  i s  
u s u a l l y  1 mN, b u t  any s e c o n d a ry  lo a d  can be employed.
The im p o r ta n c e  o f  t e s t i n g  e l a s t i c  m a t e r i a l s  i s  t o  a  c e r t a i n  e x t e n t  
d e m o n s t ra te d  by th e  wide ran g e  o f  m achines a v a i l a b l e  t o  perfo rm  such  
t e s t s .  B e s id es  th e  p o r t a b l e  h a rd n e s s  t e s t e r s  and deadw eigh t machines, 
(b o th  m acro- and m ic ro )  one can o b t a i n  dead load  s o f t n e s s  t e s t e r s  f o r  
PVC, m ic r o - i n d e n t a t i o n  t e s t e r s  f o r  r i g i d  and s e m i - r i g i d  p l a s t i c s ,  
p a i n t s ,  s u r f a c e  c o a t i n g s  and t h i n  s h e e t  m a t e r i a l ,  d e n t a l  m a t e r i a l s ,  and 
even an in d e n to m e te r  f o r  m easu r in g  th e  h a rd n e s s  o f  p l a s t i c  f l o o r i n g  
(a c c o rd in g  to  BS 2572).
b P a in t  h a rd n e s s
One f u r t h e r  a r e a  i n  which th e  use  o f  a ( d i f f e r e n t  ty p e  o f )  
m ic ro h a rd n e ss  t e s t  i s  im p o r ta n t  i s  t o  t e s t  t h e  h a rd n e s s  o f  p a i n t  
c o a t i n g s .  In d e e d ,  t h e r e  i s  a  B r i t i s h  S ta n d a rd  i n  t h e  Autom obile s e r i e s  
(BS AU 148, Methods o f  t e s t  f o r  m otor v e h i c l e  p a i n t s ,  P a r t  6: H ardness)  
which d e a l s  w i th  t h i s  v e ry  s u b j e c t .  Four methods a r e  d e s c r ib e d  
h e r e i n a f t e r .
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(1) P e n c i l  m ethod. 'A r a n g e  from 2B t o  6H o f  h ig h  q u a l i t y  draw ing
p e n c i l s  . . .  s h a l l  be sh a rp e n e d  t o  a  p o i n t  w i th  a p e n c i l  s h a r p e n e r .
The s o f t e s t  p e n c i l  s h a l l  be h e ld  normal t o  t h e  p a i n t  f i l m  t o  be
t e s t e d  and p r e s s e d  s u f f i c i e n t l y  t o  make th e  p o i n t  c rum b le .  W ithout 
a l t e r i n g  th e  p r e s s u r e ,  t h e  p e n c i l  i s  drawn a c r o s s  th e  p a i n t  f i lm  
f o r  a  d i s t a n c e  o f  6 mm. T h is  p ro c e d u re  s h a l l  be r e p e a te d  w ith
p e n c i l s  o f  h i g h e r  g ra d e s  o f  h a rd n e s s  u n t i l  th e  p a i n t  f i lm  i s  
s c r a t c h e d  o r  p e n e t r a t e d .  The g ra d e  o f  h a rd n e s s  o f  th e  p e n c i l  used 
im m ed ia te ly  b e fo r e  t h a t  which caused  s c r a t c h i n g  o r  p e n e t r a t i o n  
s h a l l  be ta k e n  as  t h e  h a rd n e s s  o f  t h e  p a i n t  f i l m . ’
(2 )  P e rso z  pendulum m ethod. ’The pendulum, which i s  s u p p o r te d  on th e  
t e s t  p a n e l  w i th  th e  s t e e l  b a l l s  r e s t i n g  on th e  s u r f a c e  under  t e s t ,  
i s  made t o  swing th ro u g h  an a r c  o f  s l i g h t l y  more th a n  12°. The t im e  
f o r  th e  a m p l i tu d e  o f  t h e  o s c i l l a t i o n  to  d e c re a s e  from 12° to  4° i s  
d e te rm in e d  and r e p r e s e n t s  th e  P e rso z  Pendulum H a r d n e s s . ’
(3) W allace m ic r o -h a rd n e s s  m ethod. The method o f  o p e r a t i o n  o f  th e  
W allace  m ic ro h a rd n e ss  t e s t e r  h a s  been d e s c r ib e d  i n  th e  p r e v io u s  
s e c t i o n  on r u b b e r  h a r d n e s s .  To t e s t  th e  h a rd n e s s  o f  a  p a i n t  c o a t in g  
a c c o rd in g  t o  t h i s  S ta n d a r d ,  t h e  i n d e n t e r  t o  be used  i s  a 1.6 mm 
d ia m e te r  b a l l .  R ead ings  a r e  t a k e n  u s in g  two d i f f e r e n t  t o t a l  l o a d s :  
15.25 g (p r im a ry  lo a d  o f  0 .2 5  g a p p l i e d  f o r  15 seco n d s  p lu s  5 g
alum inium  s u p p o r t  d i s c  f o r  s e c o n d a ry  lo a d  o f  10 g) a p p l i e d  f o r  
30 seco n d s  and 205 .25  g (p r im a ry  lo ad  o f  0 .2 5  g a p p l i e d  f o r
15 se conds  p lu s  5 g a lum inium  s u p p o r t  d i s c  f o r  s e c o n d a ry  lo ad  o f  
200 g) a p p l i e d  f o r  30 s e c o n d s .
(4) (Diamond) pyram id m ic r o -h a rd n e s s  method. Using a s p e c i a l l y  d e s ig n e d
V ic k e rs  h a rd n e s s  t e s t i n g  m achine w i th  a dead lo a d  i n d e n t e r  a ssem bly  
w e igh ing  15 g , i n d e n t a t i o n s  a r e  made a t  two lo a d s  d i f f e r i n g  by a t  
l e a s t  5 g b u t  n o t  e x c e e d in g  30 g w ith  a d w e ll  t im e  o f  30 se c o n d s .  
The r e s u l t s  a r e  c a l c u l a t e d  a s  f o r  V ick e rs  h a rd n e s s  th e n  (b e in g  such  
sm a l l  v a lu e s )  m u l t i p l i e d  by 10 t o  y i e l d  a  p a i n t  h a rd n e s s  (HP)
num ber.
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